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BIOCHEMICAL STUDIES ON INOSITOL 


IV. CONVERSION OF INOSITOL TO GLUCURONIC ACID BY 
RAT KIDNEY EXTRACTS* 


By FRIXOS C. CHARALAMPOUS ann CHRYSSOULA LYRAS 


(From the Department of Biochemistry, School of Medicine, 
University of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, April 2, 1957) 


Apart from its incorporation into various lipides, the metabolic fate of 
inositol in the mammalian organism is still unknown. The observation of 
Stetten and Stetten (1) that deuterium from administered labeled inositol 
could be recovered in the urinary glucose of phlorizinized rats showed that 
inositol is metabolized in the rat. This was confirmed and extended by 
Posternak et al. (2). 

During our studies of the biosynthesis of myo-inositol! by mammalian 
and microbial systems (3-5), it was observed that homogenates from 
various rat tissues catalyze a rapid utilization of inositol with simultaneous 
formation of reducing substances. With use of an enzyme preparation 
from rat kidney, we have studied this reaction in detail and have shown 
that inositol is converted to glucuronic acid. The present paper deals 
with the identification and isolation of glucuronic acid as the cleavage 
product resulting from the action of the kidney enzyme system on inositol. 
The crystalline glucuronic acid was found to be optically inactive, indi- 
cating that it is the racemic form. 


EXPERIMENTAL 


Materials—Inositol, sodium p-glucuronate, and p-galacturonic acid were 
obtained from the Nutritional Biochemicals Corporation. Free glucur- 
onic acid was obtained from its salt by stirring a solution of sodium glu- 
curonate with Amberlite IR-120 (H+) and concentrating the sodium-free 
solution by lyophilization. The colorless sirup was triturated with a little 
ethanol to induce crystallization. More ethanol was added slowly, and 
the solution was placed in the refrigerator at 5° overnight. The crys- 
tals were collected by filtration, washed with a little absolute ethanol, and 
dried in a vacuum desiccator over H.2SO,. Recrystallization from 90 
per cent ethanol yielded crystals melting at 156°. The initial specific ro- 


* Supported by grant No. C-2228(C3) of the National Institutes of Health, Public 
Health Sefvice, Bethesda, Maryland. 
1 The terms myo-inositol and inositol are used interchangeably. 
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tation of a solution of these crystals was [a}?* +11.6° which changed to 
an equilibrium value of +36.0° in 2 hours (c = 3 in H,O, 1 = 2 dm.). 
These values are in good agreement with those reported in the literature 
(6). The galacturonic acid was similarly purified by crystallization from 
ethanol to yield a product melting at 156-157°. The initial specific 
rotation was [a|? +101°, changing to an equilibrium value of +66.7° in 
4 hours (c = 2 in H,O, / = 2 dm.) (6). p-Glucuronolactone was prepared 
from a solution of p-glucuronic acid by acidifying to pH 1 with HCl, 
followed by concentration to a sirup at a bath temperature of 30°. The 
sirup, which was dissolved in a small volume of distilled water and again 
concentrated as before, was triturated with ethanol and the solution was 
stirred vigorously until crystals began to form. After being chilled over- 
night at 5°, the crystals were filtered, washed with a little absolute ethanol, 
and dried in a vacuum desiccator over H2SQO,. Recrystallization from 
methanol yielded a product with a melting point of 181° (with decomposi- 
tion). The specific rotation was [a}?’ +18.8° (c = 5 in H.O, 1 = 2 dm.), 
in good agreement with the value of +18.2° reported in the literature (7). 
Sodium pD-mannuronate and calcium 1 ,2-isopropylidene-L-iduronate were 
kindly furnished to us by Dr. Horace 8. Isbell. By following his directions, 
L-iduronic acid was obtained by removing the calcium with Amberlite 
IR-120 (H*), followed by evaporation of the resulting solution in order to 
remove the isopropylidene group. tu-Iduronolactone was prepared in a 
similar manner from 1 ,2-O-isopropylidene-L-iduronolactone, which was a 
gift of Dr. M. L. Wolfrom. p-Mannuronolactone was kindly sent to us 
by Dr. Karl Meyer and Dr. M. L. Wolfrom. 2-Ketogluconic acid was 
purchased from the Nutritional Biochemicals Corporation, and 5-keto- 
gluconic acid was obtained from Dr. 8S. 8. Cohen of our department. 
Lt-Guluronolactone was prepared from t-guluronic acid (8) by the 
procedure outlined above for glucuronolactone. 

Analytical Methods—Glucuronic acid was determined colorimetrically 
by a modification of the method of Mejbaum (9). The orcinol reagent 
was prepared fresh by dissolving 0.4 gm. of orcinol in 100 ml. of concen- 
trated HCl] containing 90 mg. of FeCl;-6H.O. The determination was 
carried out by adding 1 ml. of sample (containing 3 to 15 y of glucuronic 
acid) to 2 ml. of the orcinol reagent and heating the mixture in a boiling 
water bath for 30 minutes. After being cooled to room temperature, the 
density of the color was measured in a Klett photometer, with the No. 660 
filter. The density readings were proportional to the concentration of 
glucuronic acid in the range of 0 to 5 y per ml. The variation between 
duplicate determinations was within 1 per cent. The spectra of glucuronic 
acid and glucuronolactone after their reaction with orcinol are shown in 
Fig. 1. 
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Enzyme Preparation—Male adult rats were decapitated, and the kidneys 
were removed and placed in cracked ice. A 20 per cent homogenate was 
prepared in a Potter-Elvejhem apparatus for 1 to 2 minutes with a medium 
of the following composition: 4.5 ml. of phosphate buffer, 0.2 m, pH 7.2, 
4.5 ml. of 1.15 per cent KCl, 1 ml. of 0.02 m cysteine hydrochloride, and 
0.5 ml. of 0.02 m solution of the disodium salt of ethylenediaminetetra- 
acetic acid. The homogenate was centrifuged in the Spinco ultracentrifuge 
at 30,000 r.p.m. for 20 minutes with rotor No. 40. The clear pink super- 
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Fic. 1. Spectra of authentic sodium p-glucuronate (@), p-glucuronolactone (Xx), 
and the sodium salt of the isolated uronic acid (O) after their reaction with the or- 
cinol reagent. The concentration was 0.0467 m for all compounds, based on a mo- 
lecular weight of 234 for the authentic sodium glucuronate monohydrate and the 
isolated product, and 176 for the glucuronolactone. 


natant fluid was dialyzed against 500 volumes of distilled water at 0° and 
was then treated with Dowex 1 X10 resin (acetate form) by adding 1 gm. 
of resin per ml. of enzyme solution at 0° with gentle stirring for 5 minutes. 
The resin was removed by centrifugation in the International refrigerated 
centrifuge, and the clear supernatant fluid was treated with resin once 
more in a similar manner. ‘This preliminary purification of the enzyme 
system was useful in eliminating endogenous substances that formed 
green furfurals in the orcinol test (see “Analytical methods”). The loss 
of enzymatic activity by this preliminary purification ranged from 10 to 
15 per cent of the activity of the original supernatant fluid. In all the 
experiments, this resin-treated solution was used as the source of enzyme. 
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Assay of Enzymatic Activity—The activity of the inositol-oxidizing 
system was followed by incubating inositol and the enzyme solution in a 
buffered medium for 10 minutes at 34° and determining colorimetrically 
the amount of glucuronic acid formed by using an aliquot of the depro- 
teinized incubation mixture. The reaction was run in test tubes in a 
final volume of 2ml. At the end of the incubation the tubes were immersed 
in a boiling water bath for 2 minutes and cooled in tap water. The con- 
tents of each tube were diluted with 6 ml. of distilled water and the tubes 
were centrifuged to remove denatured protein. Appropriate aliquots 
from the supernatant fluids were assayed for glucuronic acid as described 
previously. When the enzyme solution was boiled for 2 minutes before 
its addition in the incubation mixture, or when inositol was omitted, only 
negligible amounts of orcinol-reacting substances were present. This 
amount was 3 to 5 per cent of that formed in the complete assay system. 


Results 


A typical experiment is summarized in Fig. 2, in which the rate of 
formation of glucuronic acid and the relationship of the amount of enzyme 
to the initial reaction rate are shown. The effect of substrate concentra- 
tion on the enzymatic activity is shown in Fig. 3. 

Identification of Oxidation Product of Inositol—An experiment was 
performed as described in Fig. 2 in which 15 wmoles of what appeared to 
be glucuronic acid (as determined by the orcinol test) had been formed at 
the end of 40 minutes incubation. The deproteinized incubation mixture 
containing the reaction product was diluted to 300 ml. with distilled water 
and passed through a 20 X 1 cm. column of Dowex 1 X10 (acetate form) 
at the rate of 0.5 ml. per minute. When all of the solution had passed 
through, the column was washed with 20 ml. of distilled water. The 
combined filtrate and washings contained amounts of orcinol-reacting 
substances ranging from 2 to 3 per cent of the amount placed on the column. 
Chromatography of the adsorbed compounds was begun by eluting the 
column with 0.4 N acetic acid. The rate of flow was adjusted to 1 ml. per 
minute and fractions of 15 ml. each were collected with the Technicon 
automatic fraction collector. Aliquots from each fraction were assayed 
by the orcinol procedure in order to determine the position of the eluted 
product. The orcinol-reacting compound was first detected after 800 ml. 
of 0.4 N acetic acid had passed through thecolumn. The elution was com- 
plete with an additional 230 ml. of acetic acid, with an elution peak at a 
mid-point between 800 and 1040 ml. The recovery ranged from 90 to 95 
per cent. The fractions containing the compound were combined, and the 
resulting solution was lyophilized. The residue was taken up in 2 ml. of 
distilled water and neutralized with NaOH to pH 7.8. This solution was 
used in paper chromatograms for the identification of the orcinol-reacting 
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Fia. 2. A, rate of formation of glucuronic acid from inositol. The reaction mix- 
ture contained 0.2 ml. of 1 M phosphate buffer, pH 7.2, 0.2 ml. of 0.5 M inositol, 0.15 
ml. of enzyme solution (see ‘‘Enzyme preparation’’), and distilled water to a final 
volume of 2 ml. The reaction was run in test tubes at 34° with oxygen as the gas 
phase. Similar tubes from which inositol was omitted served as blanks. At various 
intervals the tubes were removed from the incubation bath and immersed in a boiling 
water bath for 2 minutes in order to stop the reaction. The denatured protein was 
removed by centrifugation and the supernatant fluids were assayed for glucuronic 
acid as described in the text. B, effect of the addition of different amounts of enzyme 
solution on the initial (first 10 minutes) reaction rate. Incubation conditions were 
asin A. 
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Fic. 3. Effect of substrate concentration on the initial (first 10 minutes) reaction 
rate. Incubation conditions were as in Fig. 2, A. 


compound as follows: An aliquot equivalent to 20 y of glucuronic acid 
was spotted on Whatman No. 1 paper over a circular area of 0.5 cm. in 
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diameter. In a similar manner, solutions of known compounds were 
spotted 2.5 cm. apart from one another and were used as reference com- 
pounds. The chromatograms were developed either in descending or 
ascending manner, as indicated in each case, and the following solvent 
systems were used: pyridine-ethyl acetate-acetic acid-water (5:5:1:3) 
(10), ethanol-water (88:12), acetone-water (80:20), n-butanol-acetic 
acid-water (100:21:50), and ethanol-acetic acid-water (80:10:10). At 
the end of each run the papers were dried at room temperature, sprayed 
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Fic. 4. Ascending paper chromatograms of known compounds and of the isolated 
oxidation product of inositol catalyzed by the kidney enzyme system. Spot 1, 
sodium b-glucuronate; Spot 2, p-glucuronolactone; Spot 3, isolated oxidation product 
of inositol (see the text); Spot 4, sodium p-galacturonate; Spot 5, L-ascorbie acid; 
Spot 6, sodium 5-keto-p-gluconate; Spot 7, sodium 2-keto-p-gluconate. An amount 
equal to 20 7 of each compound was spotted. The solvent systems were A, n-butanol- 
acetic acid-water (100:21:50), solvent front 27 em. from origin; B, ethanol-water 
(88:12), solvent front 31 em. from origin; C, acetone-water (80:20), solvent front 41 
em. from origin; D, ethanol-acetic acid-water (80:10:10), solvent front 35 em. from 
origin. For detection of the spots see the text. 


with aniline oxalate, and heated at 100° for 5 minutes. All of the com- 
pounds were revealed as yellow-brown or red areas. Ammoniacal silver 
nitrate can also be used in place of aniline oxalate. The results obtained 
are shown in Figs. 4 and 5, A. It is seen that in all cases the unknown 
compound migrated in a manner indistinguishable from glucuronic acid. 
Since the solvent systems used do not resolve glucuronic from guluronic 
acid, a chromatographic distinction between these compounds is not 
possible with the free acids. However, the corresponding lactones can be 
resolved chromatographically (10), and a decision as to the identity of the 
uronic acid becomes possible. The results (ig. 5, B) show that the lactone 
of the isolated uronic acid migrates in a manner similar to authentic 
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glucuronolactone and is easily distinguished from guluronolactone and 
mannuronolactone. The lactone of the isolated uronic acid was prepared 
by treating a 0.005 m solution of its sodium salt with Amberlite IR-120 
(H+), filtering off the resin, and acidifying the solution with HCl to pH 1. 
The solution was kept at 35° for 2 hours to accelerate lactonization. In 
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Fic. 5. A, descending paper chromatogram of the isolated enzymatic product of 
inositol and of known uronic acids. The solvent system was pyridine-ethyl acetate- 
acetic acid-water (5:5:1:3) (10). An amount equal to 20 y of each of the following 
compounds was spotted: Spot 1, sodium p-galacturonate ; Spot 2, sodium L-iduronate ; 
Spot 3, isolated oxidation product of inositol (see the text); Spot 4, sodium p-glu- 
curonate; Spot 5, sodium p-mannuronate. B, descending paper chromatogram of a 
solution of the isolated uronic acid after it had been lactonized in HC] as described in 
the text. Lactones of known uronic acids were cochromatographed for identifica- 
tion of the unknown lactone. The solvent system was pyridine-ethyl acetate-water 
(11:40:6) (10). The following lactones were spotted: Spot 1, L-guluronolactone; 
Spots 2 and 5, solution containing the lactonized uronic acid isolated from the en- 
zymatic reaction mixture; Spot 3, p-glucuronolactone; Spot 4, p-mannuronolactone; 
Spot 6, p-glucuronic acid. The spots were detected as described in the text. 


this manner 85 to 90 per cent of the uronic acid is converted to the lactone. 
This solution containing the lactone with some free glucuronic acid was 
used in the chromatogram mentioned above. 

Isolation of Sodium Glucuronate As Oxidation Product of I nositol— Having 
tentatively identified the enzymatically formed uronic acid as glucuronic 
acid, it became desirable to isolate larger amounts in order to characterize 
the substance further and to determine its optical rotation. For this 
purpose an experiment was set up in which the enzyme preparation (from 
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the kidneys of eight rats) and incubation conditions were similar to those 
described previously, with the exception that the incubation was carried 
out in a 1 liter Erlenmeyer flask instead of in test tubes. At the end of 
the incubation, the deproteinized mixture was centrifuged and an aliquot 
of the clear supernatant fluid was used to determine the amount of glucu- 
ronic acid formed; 78.3 mg. were found. The supernatant fluid was then 
divided into twenty-eight equal aliquots and each aliquot was chromato- 
graphed on a Dowex | X10 column (acetate form) by the procedure 
described under ‘Experimental.’’ In all, twenty-eight columns were 
employed, and the volume of the combined fractions containing the 
uronic acid was 6440 ml. This solution was lyophilized and the residue 
was taken up in 10 ml. of distilled water and neutralized to pH 7.8 with 
0.3 nN NaOH. The solution was concentrated to 3 ml. and ethanol was 
added slowly with stirring until permanent turbidity occurred. Crystal- 
lization was allowed to proceed at 5° for 1 day. The crystals were collected, 
washed with a little absolute ethanol, and dried in a vacuum desiccator 
over P2O;; 60.5 mg. of the sodium salt were obtained. The crystalline 
material contained 1 mole of water per mole of sodium glucuronate as 


determined after heating at 90° for 1 hour in vacuo over H,SO,4. Analysis © 
for CsHyO;Na-H2O (234). Calculated, C 30.77, H 4.70; found, C 30.86, | 


H 4.74. An aqueous solution of the sodium glucuronate was optically in- 
active. Paper chromatography with use of the solvent systems described 
earlier revealed a single compound migrating in a manner identical to that 
of authentic sodium p-glucuronate. 

Conversion of Isolated Glucuronate to Crystalline Glucuronic Acid—The 
recovered sodium glucuronate was dissolved in 10 ml. of distilled water, 
and the sodium was removed by stirring the solution with Amberlite 
TR-120 (H*) at 0° and filtering off the resin. The clear filtrate was con- 
centrated to 2 ml. by an air jet at 15°, and ethanol was added until perma- 
nent turbidity occurred. The solution was refrigerated at 5° for 2 days 
and the crystals were collected by filtration, washed with absolute ethanol, 
and dried in a vacuum desiccator over P.O;; 40.3 mg. were obtained 
with a melting point of 162-163°. p-Glucuronic acid melts at 156°. A 
solution of these crystals showed no optical rotation. Paper chromato- 
grams in the solvent systems described earlier revealed only a single 
compound, migrating in a manner identical to authentic glucuronic 
acid. Equal amounts of the isolated uronic acid and of authentic p-glu- 
curonic acid produced the same amount of furfural in the orcinol test. 
The isolated uronic acid was completely free from phosphorus and ultra- 
violet-absorbing compounds. | 

Conversion of Isolated Glucuronic Acid to Its Lactone—33 mg. of the 
isolated glucuronic acid were treated as described previously under “Experi- 
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mental,’’ and the lactone was crystallized from methanol. The yield was 
23.8 mg., and the melting point 176—-178° (with decomposition). The 
melting point of p-glucuronolactone is 177—180° (7), whereas that of 
t-glucuronolactone was reported to be 169-172° (11). The isolated 
lactone was optically inactive. The neutralization equivalent of 10 mg. of 
the lactone was 5.6 ml. of 0.01 N NaOH as compared to 5.68 ml. for 10 mg. 
of glucuronolactone. 

Preparation of Brucine Glucuronate—The fact that the isolated uronic 
acid was optically inactive, whether as the sodium salt, the free acid, or the 
lactone, suggested the possibility that it may represent a mixture of 
equimolar amounts of the two optical isomers. The brucine salt of the 
isolated glucuronic acid was accordingly prepared and subjected to frac- 
tional crystallization. The solution containing the isolated glucuronolac- 
tone was combined with the mother liquor from the crystallization step 
of the lactone and the methanol was removed by distillation. The aqueous 
solution was adjusted to pH 7.8 with 0.03 n NaOH and the sodium removed 
with Amberlite IR-120 (H*) at 0°. The resin-free solution was trans- 
ferred into a centrifuge tube, and 68 mg. of brucine were added and dis- 
solved by being warmed for a few minutes at 45°. The solution was 
cooled to 20°, and some insoluble material was removed by centrifugation. 
The clear supernatant fluid was extracted with an equal volume of chloro- 
form to remove free brucine. The aqueous layer was evaporated to a 
sirup in a vacuum desiccator over H,SO,. The sirup was triturated with 
a little 95 per cent ethanol, followed by the addition of a few drops of 
diethyl ether. On scratching the wall of the beaker, crystals began to 
form and after 30 minutes at room temperature were collected, washed 
with a little ethanol and ether, and dried in a vacuum desiccator over 
H.SO,. The crystals weighed 54.2 mg. and had a melting point of 162- 
165°. Brucine p-glucuronate prepared and crystallized in a_ similar 
manner from authentic p-glucuronic acid had a melting point of 161—162°. 
This agrees well with the value of 156—157° reported in the literature (12). 
The free acid was regenerated from its brucine salt (4) and chromato- 
graphed on paper as described earlier. Only a single compound was 
present, migrating in the position of authentic glucuronic acid. The 
free acid thus obtained was optically inactive. Many attempts to resolve 
the brucine salt into its optical isomers by fractional crystallization from 
ethanol or acetone were unsuccessful. 

Selective Utilization of p Isomer of Isolated Glucuronic Acid by Escherichia 
coli—E.. coli (strain B) was adapted to grow on p-glucuronic acid as the 
sole source of carbon by culturing the organism overnight in a medium 
containing salts (13) and 1 mg. of p-glucuronic acid per ml. This culture 
served as the source of the inoculum used in subsequent cultures in which 
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known amounts of authentic sodium p-glucuronate or a known amount of 
the isolated sodium glucuronate was added as the sole source of carbon. 
The volume of each of these cultures was 6 ml. and incubation was carried 
out at 37° under constant aeration. The rate of growth was determined 
turbidimetrically in a Klett photometer with the No. 420 filter. The 
results are summarized in Fig. 6. Approximately one-half of the added 
amount of the isolated uronic acid was utilized by the adapted cells. 
After termination of the growth, the culture containing the isolated 
glucuronic acid was centrifuged and the supernatant fluid was assayed 
for residual glucuronic acid as described previously. Of the 4.2:mg. of 
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Fic. 6. Growth of E. coli (strain B) on sodium glucuronate. Additions expressed 
in mg. per ml. of culture medium were for Curve A, 0.8 mg. of sodium p-glucuro- 
nate monohydrate; Curve B, 0.4 mg. of sodium p-glucuronate monohydrate or 0.696 
mg. of the isolated sodium glucuronate monohydrate; Curve C, no additions. 
The dash line represents the expected extent of growth if 50 per cent of the iso- 
lated uronic acid added in the culture represented by Curve B was utilized. 


glucuronate added, 1.974 mg. were recovered (47 per cent). The unused 
glucuronate was isolated after adsorption on a 1 XK 2 cm. column of Dowex 
1 X10 (acetate form) by the procedure described earlier; 1.2 mg. of glucu- 
ronic acid were recovered after evaporation of the solution to 0.25 ml. 
The observed rotation at equilibrium was —0.16°, giving a specific rota- 
tion of [a]?* —33.3° (c = 0.48 in H.O, 1 = 1dm.). This is in good agree- 
ment with the value of —36.0° expected for t-glucuronic acid. The 
isolated L-uronic acid was further identified as glucuronic acid by paper 
chromatography. 


DISCUSSION 


The findings reported in this paper not only demonstrate that rat 
kidneys contain an enzyme system capable of cleaving inositol, but indi- 
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cate a possible mechanism for this reaction. The isolation of glucuronic 
acid as the oxidation product of inositol suggests a mechanism which is 
different from that of oxidation of cyclitols by bacterial systems in which 
it has been demonstrated that only axial hydroxyl groups are oxidized 
(14, 15). Our results indicate that the oxidation catalyzed by the kidney 
enzyme system involves not the axial hydroxyl group of inositol but 
equatorial hydroxyls. ‘This conclusion is based upon the assumption that 
the isolated glucuronic acid was formed directly from inositol rather than 
from smaller fragments derived from an extensive fragmentation of the 
inositol molecule. The inability of the kidney enzyme system to metabolize 
added myo-inosose-2 and the lack of evidence for its formation from 
inositol are in agreement with the above conclusion. As a possible mecha- 
nism for the formation of p-glucuronic acid from inositol, we would like to 
suggest a cleavage of the bond between carbon atoms 1 and 6 of the in- 
ositol molecule. Depending on the nature of this reaction, the formation 
of glucuronic acid could proceed along three different pathways shown in 
Diagram 1. The enzymatic formation of uridine diphosphoglucuronic 
acid from uridine diphosphoglucose (16) and the interconversion of L- 
gulonie and p-glucuronic acids implicated in the biosynthesis of L-ascorbic 
acid by rat liver extracts (17) indicate that enzymes catalyzing some of 
the reactions postulated in Diagram 1 do indeed exist in the rat. 

Of special interest is the fact that the isolated glucuronic acid is a racemic 
mixture. Our attempts to resolve it into its optical isomers by fractional 
crystallization of its brucine salt were unsuccessful. However, the isola- 
tion of L-glucuronic acid after the destruction of the D isomer by E. coli 
demonstrates in a satisfactory manner that the isolated acid is an equimolar 
mixture of the two optical isomers. Whether the formation of L-glucuronic 
acid is brought about by a racemase acting on some intermediate shown 
in Diagram 1 or whether it is the result of the combined action of isomeriza- 
tions and inversions similar to those involved in the formation of L-ascorbic 
acid from b-glucuronic acid (17) remains to be investigated. An alterna- 
tive mechanism for the formation of L-glucuronic acid would involve the 
cleavage of the inositol molecule between carbon atoms 3 and 4 instead 
of land 6. Such cleavage, catalyzed by an identical enzyme or a different 
enzyme from the one cleaving the molecule between carbon atoms 1 and 
6, would lead to the formation of L-glucuronic acid through the pathways 
indicated in Diagram 1, with the intermediates being the optical isomers 
of those suggested for p-glucuronic acid. 

The antiketogenic effect of inositol observed in fasted rats (18) may be 
ascribed to the formation of glucuronic acid or some intermediate men- 
tioned above. It is hoped that by elucidating the mechanism by which 
inositol is converted to glucuronic acid it will be possible to assess the 
metabolic significance and physiological function of inositol. 
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Suggested Pathways for Conversion of Inositol to p-Glucoronic Acid 


L-Gulose Lt-Gulonic acid p-Glucuronic acid 
6 CH.OH H—C=0 
| | 
5 C— C— C— 
| | | 
4 —C 
| | | 
3 C— C— 
| | | 
2 C— C— 
1 H—C=0O COOH COOH 
A 
H—C=() 6 
| | | 
I IN | | 
| | ae 3 
1-Keto-myo-inositol 
B 
| COOH 1 
p-Glucuronic acid 
6 H—C=0 
| 
5 C— 
| 
4 —C — Uridine diphosphoglucose — uridine diphospho- 
glucuronic acid p-glucuronic acid 
3 C— 
| 
2 
| 
1 CH2OH 


p-Glucose 


D1aGrRAM 1. The pathways are represented by A, B, and C. The inositol mole- 


cule is ¢ 


leaved between carbon atoms 1 and 6. The hydroxy] group of carbon atom 


2 of inositol is the axial one; the remaining five hydroxyl groups are equatorial. 


The 
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SUMMARY 


1. An enzyme system from rat kidney has been obtained which catalyzes 
the oxidative conversion of inositol to glucuronic acid. 

2. The glucuronic acid was identified by paper chromatography and 
was isolated in crystalline form. Two derivatives, the lactone and the 
brucine salt, were prepared in crystalline form and were compared with 
similar derivatives of authentic p-glucuronic acid. The isolated glucu- 
ronic acid was optically inactive, indicating that it is a racemic mixture. 
Selective destruction of the p isomer by Escherichia coli permitted the 
isolation of the L isomer which had a specific rotation of [a}?* —33.3°. 

3. The mechanism of this reaction has been discussed, and possible 
pathways for the conversion of inositol to glucuronic acid have been 


suggested. 
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MITOCHONDRIAL CHANGES ASSOCIATED WITH 
ESSENTIAL FATTY ACID DEFICIENCY 
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| Several investigators have described changes in mitochondrial form that 
occur in vitro with changes in the environment (1-3), and these have been 
shown to be associated with biochemical changes (4-11). It has also been 
demonstrated that exposure of animals to unusual temperature conditions, 
the feeding of various experimental diets, and hormone or drug therapy 
will produce changes in vivo in mitochondrial form (12-15). 

An earlier study in this laboratory revealed that there was an uncoupled 
oxidative phosphorylation in mitochondria isolated from livers of essential 
fatty acid-deficient rats (16). At that time morphological differences 
between fat-deficient and normal mitochondria were noted. The present 
paper describes a further study of the biochemistry and morphology of 
fat-deficient mitochondria. The results suggest that liver mitochondria 
of essential fatty acid-deficient rats are much more fragile than normal 
mitochondria. This may account, in part at least, for the biochemical 
differences observed in vitro between the two. 


EXPERIMENTAL 


Male Holtzman rats were weaned at 18 days of age and fed either a 
_ fat-deficient diet or one in which corn oil replaced dextrose at a level of 
5 per cent. The experimental diet contained 21 per cent “‘vitamin-free”’ 
casein, 16 per cent Alphacel, 4 per cent salt mixture U. S. P. XIV, 58 per 
cent Clintose (dextrose), and 1 per cent vitamin mixture. The vitamin 
mixture contained 1 gm. of thiamine HCl, 1 gm. of riboflavin, 1 gm. of 
pyridoxine HCl, 1.4 gm. of calcium pantothenate, 1.2 gm. of nicotinamide, 
12.0 gm. of choline chloride, 6.0 gm. of ascorbic acid, 500 mg. of vitamin 


* Supported in part by grant-in-aid No. C-928 from the National Cancer Institute 
of the National Institutes of Health, Public Health Service, and in part by Institu- 
tional grants from the American Cancer Society, Southeastern Michigan Division, 
the American Cancer Society, and the Kresge Foundation. 

+t Postdoctoral Research Fellow of the Detroit Institute of Cancer Research. 
Present address, Department of Anatomy, University of Minnesota Medical School, 
Minneapolis, Minnesota. 
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A ester concentrate (200,000 units per gm.), 20 mg. of vitamin D (calciferol), 
10 gm. of a-tocopherol, and dextrose to make a total weight of 1000 gm. 

The animals were maintained on these diets for approximately 12 to 14 
weeks, at which time those on the fat-deficient diet weighed significantly 
less than the controls. They were killed by a blow on the head and ex- 
sanguinated. The livers, removed and chilled immediately on ice, were 
freed from connective tissue by being forced through a perforated Lucite 
disc and homogenized in 10 volumes per gm. of either 8.5 or 20 per cent 
sucrose containing 8 ml. of 0.04 m NaHCO; per liter. Mitochondria were 
prepared essentially as described earlier (17), except that the initial mito- 
chondrial sediment was obtained by centrifugation at 11,500 xX g for 
either 20 or 30 minutes, depending on whether 8.5 per cent sucrose or 20 
per cent sucrose was used as the suspending medium. 

The mitochondria thus prepared were employed as enzyme in studying 
either oxidation or oxidative phosphorylation. They were suspended in 
either 8.5 or 20 per cent sucrose or distilled H2O in an amount such that 
0.5 ml. added to each Warburg vessel was equivalent to approximately 
200 mg. of original liver tissue. In addition, each flask contained 10 
umoles of glycylglycine, pH 7.4, 30 umoles of potassium phosphate buffer, 
pH 7.4, 15 wmoles of MgSQO,, 3.5 wmoles of adenosine triphosphate, and 
0.022 umole of cytochrome c. Substrates added were either 41 umoles of 
succinate, 40 wmoles of malate, 21 wmoles of a-ketoglutarate, 8 X 107° 
sodium pyruvate plus 7 X 10~° m malate, or 6 umoles of reduced diphos- 
phopyridine nucleotide (DPN). 1.32 X 10°° m DPN was added to all 
the incubation mixtures except those containing succinate or reduced 
DPN. A solution of 0.15 m KCl was added to each flask to bring the 
volume to 1.5 ml., and 0.2 ml. of 20 per cent NaOH was placed in the center 
well. 

The vessels were placed in the Warburg bath and, after a 10 minute 
equilibration period (30°), the taps were closed and oxygen uptake was 
recorded at regular intervals for 30 minutes. Protein was determined on 
the original mitochondrial suspension by the method of Lowry et al. (18). 
The Qo, (protein per hour) was calculated according to the following 


Microliters of O. taken up in 1 hour (based on a 20 minute reading) 
Mg. of protein 


Oxidative phosphorylation was studied by the method described previ- 
ously (16). 
RESULTS AND DISCUSSION 


The mitochondria of fat-deficient rats oxidized a-ketoglutarate, malate, 
succinate, and reduced DPN, but not pyruvate, at higher rates than normal 
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mitochondria (Table I). The increased oxygen uptake with succinate as 
a substrate does not agree with the findings of Williams and coworkers 
(19, 20) or with our own earlier results (16). The following considerations 
may be pertinent in explaining the differences. In the present experi- 
ments we observed that the oxygen uptake by a given amount of mito- 
chondria was greater with succinate as the substrate than with any of the 
other substrates employed (Table I). It seems probable, if fat-deficient 
mitochondria have a more active succinoxidase than normal mitochondria, 
that, upon increasing the amount of either enzyme, the diffusion of oxygen 
into the medium would more quickly become a limiting factor in the case 
of the fat-deficient mitochondria, yielding in that case a lower apparent 
oxygen uptake. We were able to demonstrate that this could explain 


TABLE 
Oxidation of Various Substrates by Rat Liver Mitochondria 


Qo. (protein)* 
Substrate 
Fat-deficient Normal 


* The values are the means and the standard errors. See the text. 
t Six rats used per group. 
tf Eight rats used per group. 


our earlier results by our observation that, when large amounts of enzyme 
were employed, fat-deficient and normal mitochondria oxidized succinate 
at similar apparent rates but that, when small amounts of the same mito- 
chondrial preparations were used, the fat-deficient mitochondria exhibited 
the greater activity (Qo, protein). 

Coincident with the studies on oxygen uptake, we examined the enzyme 
preparations under the phase contrast and electron microscopes and ob- 
served that mitochondria of the fat-deficient animals were much larger 
and less opaque than those from normal tissues, and also that they con- 
tained many crescent shapes. Harman and Feigelson (3) observed that 
normal rod-shaped mitochondria were transformed into spheres upon ini- 
tial isolation in 8.5 per cent sucrose and swelled to much larger diameters 
and formed crescents when they were placed in distilled water. Harman 
also demonstrated an increased cyclophorase oxidation by spherical mito- 
chondria obtained by isolation in 8.5 per cent sucrose or 0.9 per cent KCl 
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over that by rod-shaped mitochondria isolated in 17 per cent sucrose (4), 
This suggested that perhaps the changes observed in the morphology of the — 
fat-deficient mitochondria might be due to an increased susceptibility to | 
swelling during the isolation procedure and that, associated with the swell- 
ing, was an alteration of biochemical properties. | 

This possibility was investigated in the following manner. Mitochondria © 
were prepared from livers of both normal and fat-deficient rats, as outlined 
previously, with 20 per cent sucrose in order to preserve their form. They 
were finally suspended in either 20 per cent sucrose, 8.5 per cent sucrose, 
or distilled water, and immediately thereafter were added to Warburg | 


TABLE II 
Oxidation of Succinate by Rat Liver Mitochondria in Various Suspending Media* 
Qo, (protein)* 
Medium 
Fat-deficient Normal 

Immediately upon addition of mitochondria to medium 
104.7 (3.4) 57.7 (3.3) 

3 hrs. after addition of mitochondria to medium 

113.2 (6.5) 105.4 (4.8) 


* The values given are the means and the standard errors. Six animals were used 
in each group. 


flasks for measurement of succinoxidase activity. In another series, the 
mitochondria were prepared in 20 per cent sucrose and resuspended in 
the three media mentioned above, but were stored in these media for 3 
hours at +2° before being utilized for measurements of enzyme activity. 

When determined immediately upon suspension in the different media, 
the succinoxidase activity of fat-deficient mitochondria was the same, re- 
gardless of the medium, and was greater than that shown by the normal 
mitochondria (Table II). The normal mitochondria suspended in both 
20 and 8.5 per cent sucrose displayed similar oxidative activity, but those 
suspended in distilled water showed an increased activity, oxidizing suc- 
cinate at a rate nearly equal to that shown by the fat-deficient preparations. 

When succinoxidase activity was determined 3 hours after addition of 
the different suspending media, the control mitochondria increased in their 


E. LEVIN, R. M. JOHNSON, AND S. ALBERT 19 


ability to oxidize succinate as the medium became increasingly hypotonic 
(Table II). On the other hand, the fat-deficient mitochondria showed no 
significant change in ability to oxidize succinate with a change in the 
tonicity of the medium. Again, normal preparations suspended in distilled 
water respired at approximately the same rate as similarly treated fat- 
deficient preparations (Table II). : 
In view of these observations plus our earlier observation of uncoupled 
phosphorylation in fat-deficient mitochondria, and the report of Harman 
and Feigelson (6) that oxidative phosphorylation of normal mitochondria 
was uncoupled in the presence of certain changes in mitochondrial form, 
we next measured P:O ratios during the oxidation of succinate by both 
fat-deficient and normal mitochondria in different media. Mitochondria 
were prepared in 20 per cent sucrose, resuspended in either 8.5 per cent 


TABLE III 
Oxidative Phosphorylation by Rat Liver Mitochondria with Succinate As Substrate* 
P:O ratios 
Medium 
Fat-deficient Normal 
wad 0.4 (0.1) 0.5 (0.1) 


* The figures given are the means and the standard errors. Six fat-deficient 
animals and nine normal animals were employed. 


sucrose or in distilled water, and immediately used for the enzyme studies. 
The results (Table III) indicate that the phosphorylation is uncoupled 
from oxidation to a similar degree when fat-deficient mitochondria are 
suspended in either 8.5 per cent sucrose or water, but that it occurred with 
normal mitochondria only when they were suspended in distilled water. 
Thus, from the standpoint of certain oxidative capacities, oxidative 
phosphorylation, and form, normal rat liver mitochondria can be made to 
resemble fat-deficient mitochondria simply by lowering the osmolarity of 
the suspending medium. 

The possibility was considered that the fat-deficient mitochondria in 
intact cells were similar in shape and appearance to normal mitochondria, 
and that they were changed by the employment of isolation procedures 
sufficiently mild to produce no apparent effect in normal preparations. 
Accordingly, sections of normal and fat-deficient livers were fixed in 
Regaud’s solution and stained with Cowdry’s modification of Altmann’s 
stain preparatory to a microscopic examination of the tissues. There 
was difficulty in interpreting the preparations, but two impressions seem 
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justified. First, it appeared that the mitochondria of fat-deficient livers 
were slightly larger than normal, and, second, the mitochondria of fat- 
deficient livers appeared quite different from those freed from cells and 
prepared according to the procedures outlined above. Neither the un- 
usually large round forms nor the crescent shapes were seen in the intact 
cells. 

The observations described here raise the question as to whether the 
media we have employed, which are assumed to preserve the biochemical 
integrity of normal mitochondria, are suitable for preparing fat-deficient 
mitochondria. If the latter preparations thus obtained are artifacts, the 
observations made in vitro are of little use in evaluating the effects of fat 
deficiency on mitochondria in vivo. While, with our present understanding, 
it is believed of utmost importance that the morphology of mitochondria 
be preserved during the processes of their isolation, the present studies 
suggest a reconsideration of the possibility that all mitochondria, even 
the normal ones, as they are isolated by currently available means are 
considerably altered, and that their biochemical properties in vitro may 
bear little relation to their properties in vivo. 

It is clear from these studies that one is dealing, in the case of the fat- 
deficient mitochondria, with a cell particle that is different in its physical 
characteristics, at least, from normal mitochondria. Whether these physi- 
cal differences reflect themselves in different activities within the cell can- 
not be stated at the present. 


SUMMARY 


1. Liver mitochondria were prepared from fat-deficient and normal rats 
and their ability to oxidize a number of the Krebs citric acid cycle inter- 
mediates was compared. The fat-deficient mitochondria oxidized the 
substrates at faster rates than did the normal mitochondria. However, 
both oxidized pyruvate at approximately the same rate. 

2. Liver mitochondria from normal rats could be made to exhibit the 
qualities of these from fat-deficient animals on the basis of succinate- 
oxidizing capacity and oxidative phosphorylation by altering the osmolarity 
of the suspending medium. Conditions that accomplished this, however, 
altered the morphology of the control mitochondria, rendering them similar 
in appearance to the fat-deficient mitochondria. 

3. It appeared that fat-deficient mitochondria differed physically from 
normal mitochondria; during the process of their isolation they are relatively 
easily changed in form and perhaps in their biochemical properties as well. 
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Previous studies (1) of glutamic acid metabolism suggested an investi- 
gation of the role of this amino acid and its thio esters (2, 3) in amino 
acid incorporation. ‘The studies by Zamecnik et al. (4, 5) on amino acid 
incorporation into freshly prepared rat liver microsomes in the presence 
of the soluble cell fraction and an ATP!-regenerating system appeared to 
provide a suitable test system for our purposes. However, considerable 
thioesterase activity was found in the microsomal preparations and still 
more in the soluble cell fraction (6), a fact which made a meaningful study 
of the utilization of glutamic acid thio esters in amino acid incorporation 
not feasible. It was then attempted to investigate the rate of incorpora- 
tion of glutamic acid into microsomal preparations. In the absence of 
cysteine the incorporation of glutamic acid was of the order of magnitude 
of that of C'-leucine, whereas in the presence of cysteine considerably more 
radioactivity was found in the proteins. This latter activity could be re- 
moved by treating the proteins with either SH compounds, such as excess 
cysteine and thioglycolic acid, or with performic acid. These observa- 
tions suggested that glutamylcysteine (or GSH) formed during incubation 
was attached to the proteins by S—S linkages and was removed by the 
subsequent treatment.? These findings are reminiscent of the observations 
that C'4-glycine incorporated into proteins of partially fractionated liver 


* This work was supported in part by grants from the National Institute of Neuro- 
logical Diseases and Blindness (grant No. B-226) of the National Institutes of Health, 
Public Health Service, and by a contract between the Office of Naval Research and 
the Psychiatrie Institute. 

+ Present address, Western Reserve University, School of Medicine, Department 
of Physiology, Cleveland 6, Ohio. 

1 The following abbreviations have been used: ATP, adenosine triphosphate; 
ADP, adenosine diphosphate; Tris, tris(hydroxymethyl)aminomethane; EDTA, 
ethylenediaminetetraacetate; S-protein, 105,000 K g supernatant protein; GSH, 
glutathione; GDP, guanosine diphosphate; GMP, guanosine monophosphate; TCA, 
trichloroacetic acid. 

2 Unpublished results (also cf. Sachs and Neidle (7)); in order to conserve space 
the detailed data on these experiments are not reported but will be made available 
upon request. 
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homogenates could be partly removed by treatment with SH compounds, 
a fact which was interpreted as indicating the attachment of newly formed 
GSH (containing labeled glycine) to the proteins by S—S linkages (8). 

In order to define more carefully the properties of the incorporating sys- 
tem, the requirements for amino acid incorporation were therefore studied 
with the aid of C'*-leucine and C'*-phenylalanine. The lability and varia- 
bility of each microsome preparation have hitherto necessitated the prep- 
aration of the enzyme system from the livers of freshly killed animals be- 
fore each experiment. This difficulty was to a great extent overcome by 
the development of a microsome preparation (7) which could be prepared 
in relatively large amounts with an activity which remained constant for 
several months. Some of the studies on the requirements, kinetics, and 
properties of the amino acid-incorporating system of the stable microsome 
preparation are reported below. 


EXPERIMENTAL 


Materials and t-phenylalanine-C™, and_L-ly- 
sine-C (all uniformly labeled) were obtained from the Nuclear Instru- 
ment and Chemical Corporation. Random samples of these amino acids 
were found to be isotopically pure when tested by the use of paper chroma- 
tography (phenol-water, butanol-acetic acid-water) and paper ionophoresis 
(acetate buffer, pH 4.5). 

The following commercial preparations were used: L-leucine, L-lysine, 
L-phenylalanine (California Foundation for Biochemical Research); GSH 
(Schwarz); ATP (Pabst); sodium phosphocreatine, GDP, and GMP 
(Sigma); ADP, barium salt (Pabst), was converted to the sodium salt by 
the use of Dowex 50 (sodium form) at 4°. The concentration of the vari- 
ous nucleotides was usually measured in the Beckman spectrophotometer. 

Purified ATP-creatine transphosphorylase was prepared according to 
Kuby et al. (9). The Tris salt of phosphocreatine was obtained by passing 
a solution of the sodium salt through a column of Dowex 50 (X4) in the 
Tris form at 4°. 

Phosphocreatine was determined as described by LePage (10) or by the 
difference between the inorganic phosphate measured in the Lowry-Lopez 
(11) and Fiske-Subbarow (12) procedures. Soluble protein was measured 
on aliquots by the biuret procedure (13) with erystalline bovine serum 
albumin as a standard. Microsomal protein could not be estimated in this 
manner (without pretreatment with TCA, lipide solvents, etc.) because the 
amounts required for accurate determinations led to turbid solutions. 
Routinely, microsomal material was washed three times with cold 5 per 
cent TCA, suspended in 5 per cent TCA at 90° for 15 minutes, and washed 
once more with cold TCA. The wet pellet was heated for about 10 min- 
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utes at 100° to drive off residual TCA and then extracted with lipide sol- 
vents.2 There was no significant difference in the values obtained with 
bovine serum albumin as a standard or microsomal protein washed as de- 
scribed above and dried to constant weight. Microsomal protein was also 
more conveniently determined directly by the procedure of Lowry ei al. 
(15), in which case very small aliquots could be used without leading to 
any noticeable turbidity. These two determinations agreed within 10 per 
cent. 

Stable Microsome Preparations—Adult rats were decapitated and bled, 
and the livers quickly excised and placed in ice-cold 0.25 m sucrose. The 
livers were blotted, trimmed, minced with scissors, and homogenized in 2 
volumes of 0.25 M sucrose in an all-glass Potter-Elvehjem homogenizer for 
1 to 2 minutes. The homogenate was centrifuged at 15,000 X g for 10 
minutes in the Spinco preparative centrifuge (rotor No. 30). The super- 
natant fluid (15,000 X g supernatant) was decanted, shell-frozen, and lyo- 
philized. 100 ml. of supernatant fluid yielded approximately 12 gm. of 
dry powder which could be stored at — 20° over a period of several months 
without any appreciable loss of activity. 

Two preparations of microsomes were used in the incorporation experi- 
ments. Suspensions of 1 gm. of powder in cold 0.25 M sucrose solution to 
give a total volume of approximately 60 ml. (dilute suspension) or 12 ml. 
(concentrated suspension), respectively, were centrifuged at 40,000 r.p.m. 
for 35 minutes at 0°. The pellet material of the dilute suspension was 
suspended in 1.6 ml. of cold 0.25 mM sucrose solution and, unless otherwise 
noted, 0.4 ml. of this preparation (equivalent to approximately 10 to 12 
mg. of microsomal protein) was used in a final volume of 1.0 ml. The 
microsomes of the concentrated suspension were resuspended in 12 ml, of 
0.25 m sucrose solution and recentrifuged as above. The pellet was sus- 
pended in 1.6 ml. of 0.25 mM sucrose and 0.4 ml. of this suspension (washed 
microsomes) was used. All additions were adjusted to approximately pH 
7.5 before use. 

Measurement of Radioactivity—After incubation of the enzyme system 
in the presence of labeled amino acids (for specific conditions, see the leg- 
ends to Figs. 1 to 7) the proteins were precipitated with 10 per cent TCA 
and washed essentially* as described by Siekevitz (16). The protein was 
suspended in ether and plated with suction on Whatman No. | filter paper 
(1 em. in diameter) placed on perforated Teflon planchets.4 The planchets 


3 If the heating step (100°) was omitted, then 10 to 30 per cent of the protein was 
extracted by the lipide solvents. Drying the protein before lipide extraction was 
suggested by Dr. H. Meltzer (unpublished experiments). The success of the pro- 
cedure used is understandable in the light of the recent observations of Korner and 
Debro (14) on the solubility of albumin in alcohol after precipitation with TCA. 

4 We are indebted to Dr. P. R. Srinivasan for familiarizing us with this technique. 
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were weighed before and after plating. Counting of radioactive materials 
was performed with a thin window Geiger-Miiller tube and scaler (Nuclear 
Instrument and Chemical Corporation). In many instances the protein 
after counting was scraped from the filter paper, treated with thioglycolate 
(16) or performic acid (8), and recounted.’ All the samples were corrected 
to counts per minute at infinite thickness, empirical self-absorption curves 
of the specific material under investigation being used (e.g. radioactive 
protein or amino acids*). The data are expressed in terms of either rela- 
tive specific activity (counts per minute at infinite thickness), total counts 
(counts per minute per mg. at infinite thickness multiplied by the total 
mg. of protein), or per cent of maximal incorporation obtained for each 
series of experiments carried out simultaneously. 

Fractionation of Protein of Soluble Cell Fraction (S-Protein) with Protamine- 
Ethanol—In order to obtain the protein of the soluble cell fraction essen- 
tially free from salts, other low molecular weight compounds, and nucleo- 
proteins, the fractionation procedure was carried out thus: The crude 
soluble cell fraction (4) (140 ml., prepared in 0.25 m sucrose solution and 
obtained essentially free from particulate components by centrifugation 
at 40,000 r.p.m. for 1 hour at 0°) containing 29 mg. of protein per ml., at 
pH 7.0, was cooled to 0°. Approximately 200 mg. of protamine sulfate in 
13 ml. of H2O were added dropwise over a period of 30 minutes with stir- 
ring, Which was continued for 15 minutes in the cold, and the suspension 
was centrifuged in the Servall angle centrifuge at 4° for 20 minutes. The 
precipitate was discarded and the supernatant fluid (approximately 18 to 
20 mg. of protein per ml.) was fractionated with ethanol at —15°. The 
fraction precipitating between 11 and 23 per cent ethanol (final tempera- 
ture, —10°) was centrifuged at 15,000 X g for 10 minutes (International 
refrigerated centrifuge, high speed attachment). The precipitate was dis- 
solved in 0.01 m phosphate buffer, pH 7.5, to give a protein concentration 
of 42 mg. per ml. This solution was subsequently dialyzed against 10~‘ 
mM GSH, 10-4 m EDTA, pH 7.5, and then treated with Norit A (25 mg. 
of Norit per ml.) with stirring for 1 hour at 4°. The Norit was separated 
by centrifugation. 


Results 
Activity of Lyophilized Microsomes—The lyophilized preparations most 
active in amino acid incorporation were obtained when the liver was ho- 


5 Although up to 10 per cent of the activity was sometimes removed from C}4- 
leucine-labeled protein by these time-consuming manipulations, they were not 
adopted as a routine procedure except to check small differences, low incorporation 
values, ete. 

6 The curve obtained with C!*-leucine was almost identical with the curve for C*- 
leucine-labeled protein. Under these conditions infinite thickness was obtained by 
approximately 11 mg. of material. 
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rials mogenized in 0.25 M sucrose solution instead of the salt medium of Zamec- 
lear nik and Keller (4) and when the 15,000 X g supernatant fluid containing 
tein microsomes and S-protein was used for lyophilization. When this powder 
late was resuspended in 0.25 m sucrose and centrifuged at 105,000 X g, the 
sted microsomes and S-protein upon recombination were fully as active in 
rves amino acid incorporation as was a fresh preparation. If the microsomes 
tive were sedimented first and then lyophilized, 50 to 75 per cent of the activity 
ela- was lost. Serum albumin did not appear to be capable of preventing this 
ints loss of activity. Also, microsomes prepared in the salt medium, especially 
otal in dilute suspensions and washed with salt medium in the absence of S-pro- 
ach tein, were inferior to microsomes prepared in sucrose (see “Effect of salts’’). 

Requirements for Incorporation—The requirements for maximal incor- 
ine- poration into microsomes obtained from the dried powder were essentially 
sen- the same as those for a fresh preparation (4, 17, 18). In this as yet crude 
leo- system (Fig. 1), the pH optimum was approximately 7.5. Under the con- 
ude ditions described, the requirements and optimal concentrations for the 
and incorporation of C'-leucine are given in Figs. 1 to 7. The extent of in- 
ion corporation varied with each powder, as it did with the freshly prepared 
, at controls, and ranged from approximately 0.1 to 0.8 wmole of leucine per 
>in gm. of protein during a 30 minute incubation period. The highest in- 
tir- corporation of isotope was found to occur into ribonucleoprotein fractions 
10n of microsomes (19, 20). 

The Increased amounts of C'-leucine, GDP (below 1 Mo; ef. Ixeller 
to and Zamecnik (18)), or ATP-creatine transphosphorylase did not affect 
the the incorporation. However, the other components (ATP, GSH (Fig. 1), 
Ta- phosphocreatine, MgCle (Fig. 2), KCI (Figs. 3 to 5), and S-protein (Fig. 6)) 
nal all exhibited optimal concentrations above which incorporation was in- 
lis- hibited. 
ion Effect of —SH—The stimulation by GSH (Fig. 1) was most marked when 
O~* the S-protein was either dialyzed free from endogenous, low molecular 
ng. weight compounds or precipitated (acid, salt, or aleohol) and subsequently 
ed treated with Norit. These results are essentially in accordance with 
those of Zamecnik and Keller (4). If S-protein was dialyzed overnight 
againt 5 & 10°-* m phosphate buffer, pH 7.5, in the absence of SH, almost 
ost complete inactivation occurred. GSH was the most efficient of the com- 
ar pounds tested (cysteine, ascorbate, thioglycolate) in stimulating incorpora- 
tion in such a system. S-protein could also be dialyzed against dilute 
za. buffer or sucrose containing 10-4 m GSH and 10-4*m EDTA, pH 7.5, without 
not loss of activity. Dialysis against any of a variety of metal-chelating or 
= complex-forming agents at a concentration of 107? m (cyanide, EDTA, 
14 8-hydroxyquinoline, etc.) did not appear to affect the activity of S-protein. 
by Effect of Mg++—Under the conditions described (Fig. 2), the optimal con- 
centration of MgCl. was about 5 KX 10-* Mm. On either side of this value 
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incorporation fell off rather sharply. However, the system could tolerate 
higher concentrations of magnesium ions in the presence of increased 
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Fic. 1. The effect of ATP (O) and GSH (xX) on the incorporation of C**-leucine. 
Kach tube contained microsomes from a lyophilized preparation (see ‘‘Methods;”’ 
dilute suspension), 11 to 12 mg. of protein, S-protein (protamine, ethanol fraction, 
see ‘‘Methods’’), 2 mg., 0.03 m Tris buffer, pH 7.5, phosphocreatine sodium salt, 0.02 
M, ATP-creatine transphosphorylase, 14 units, GDP, 10-* m, C'*-L-leucine, 
(2 X 10% c.p.m. per mg. at infinite thickness), potassium phosphate buffer, pH 7.5, 
0.02 m, MgCle, 5 X 10-3 m, ATP, sodium salt (GSH, 2.5 X 10-3 m), and GSH (ATP, 1 X 
10-* m) additions as indicated, all in a final volume of 1.0ml. Incubated at 37° for 30 
minutes. Maximal incorporation equivalent to 0.1 umole of C'*-leucine per gm. of 
protein (273 c.p.m. at infinite thickness; infinite thickness at 11 mg. of protein). 


amounts of S-protein. Furthermore, the optimal concentration of MgCl. 
was a function of the ATP concentration as described below. 

Effect of ATP—The effect of ATP above 1 X 10-* mM was striking. As 
little as 5 X 10-* m ATP reduced the incorporation to 15 per cent of the 
maximal value (Fig. 1), but this inhibition by ATP (5 X 107% mM) was com- 
pletely overcome by increasing the MgCl: concentration from 5 XK 10-* M 
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tol X 10? Mm. The effect of MgCle on the inhibition by ATP was ob- 
served in the presence of either limiting or maximal concentrations of 
S-protein. 

Further information on the effect of ATP on the incorporating system 
was obtained from centrifugation studies. If, before incubation under 
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Fic. 2. The effect of Mg** (GO) and phosphocreatine, sodium salt (O) on the in- 

corporation of C'-leucine. Conditions as described in legend, Fig. 1; ATP, sodium 

salt, 0.001 mu, GSH, 0.025 m, MgCl. (phosphocreatine, 1 X 10°? M), and phosphocrea- 

tine, sodium salt (MgCl., 5 X 10°* mM) additions as indicated. Maximal incorpora- 
tion, 0.1 umole of C'*-leucine per gm. of protein. 


optimal conditions for incorporation, washed microsomes (2 to 3 mg. of 
protein per ml.) were suspended and resedimented in a medium consisting 
of 0.25 m sureose, 2 X 10°-° mM ATP, pH 7.4, these microsomes were only 
about 20 to 50 per cent as active as microsomes centrifuged from 0.25 M 
sucrose, 5 & 10°-* m sodium phosphate buffer, pH 7.0 to 7.4 (Table I). 
Spectrophotometric measurements at 260 my of cold perchloric acid ex- 
tracts of the microsomal pellets indicated that a maximum of 0.1 to 0.2 
umole of ATP was either occluded or adsorbed per 10 mg. of protein. 
Therefore, the observed inhibition cannot be ascribed to the presence of 
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increased amounts of ATP during subsequent incubation. The effects ob- 
tained with ATP were independent of the ATP preparation used. Similar 
results were obtained with several preparations of either potassium ATP 
(Sigma) or crystalline ATP (Pabst).7 When washed microsomes were 
centrifuged in the presence of an acid hydrolysate of ATP (~ HCl, 100°, 
7 minutes), then the activity of the final pellet was about equal to that ob- 


TABLE I 


Incorporation of C'4-Leucine into Washed Microsomes 
Centrifuged in Presence of Various Nucleotides 


Centrifugation medium Per cent of maximal incorporation 
1. 5 X 107-3 m phosphate 100 
2.2 xX 1073 AMP S4 
3. 2X ADP 96 
4.2 xX 10-3 ATP 17 
5. 1 X& 10° GDP 90 
6. 2 K 10-3 “ ATP 23 
1 10°3 GDP 
7.2 ATP 39 
2 times concentration of microsomes in 4 
8. 2 10°%*m ATP 120 
4X 107-3 MgCl. 
9. 2X 10-3 “ ATP (hydrolyzed)* 79 


Washed microsomes were suspended in the medium indicated (all containing 0.25 
M sucrose), adjusted to pH 7.0 to 7.4 with NaOH, to give a final concentration of 2 to 
3 mg. of protein per ml., and centrifuged at 40,000 r.p.m. for 45 minutes at 0°. The 
pellet material in each tube was suspended in 0.25 M sucrose and an aliquot of each 
suspension (7 to 10 mg. of protein) was added to separate tubes containing 3 to 5 mg. 
of S-protein, 0.03 M Tris buffer, pH 7.5, sodium phosphocreatine, 0.02 mM, ATP, sodium 
salt, 0.001 M, ATP-creatine transphosphorylase, 14 units, GSH, 0.025 m, GDP, 0.0001 
M, C14-L-leucine, 0.0001 m (2 X 10° c.p.m. per mg. at infinite thickness), KCl, 0.06 m, 
MgCl., 0.005 m, all in a final volume of 1.0 ml. Incubated at 37° for 30 minutes. 
Maximal incorporation, 100 per cent (370 ¢.p.m. at infinite thickness) 0.13 pmole of 
C'4-leucine per gm. of protein. 

*~ HCl, 100°, 7 minutes. 


served with microsomes sedimented from a centrifugation medium contain- 
ing AMP. 

Under the conditions described (Table I), the extent of the inhibition 
observed with ATP was a function of the concentration of microsomes as 
well as the MgCl. in the centrifugation medium. At constant ATP (2 X 


7 The crystalline ATP used in these experiments were chromatographed accord- 
ing to Krebs and Hems (21) and showed only small amounts of ADP as well as ATP. 
This solvent system failed to reveal the presence of any new, acid-soluble ultraviolet- 
absorbing material released from microsomes centrifuged in the presence of ATP. 
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10-* m), doubling the concentration of microsomes decreased the inhibition 


by about one-half. Addition of MgCl. (4 X 10-* Mm) to the centrifugation 
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Fic. 3. The effect of sodium (@) and potassium chloride (O) on the incorporation 
of C'-leucine. Each tube contained microsomes obtained from a lyophilized prep- 
aration (see ‘“Methods;’’ washed microsomes), 8 to 10 mg. of protein, S-protein (di- 
alyzed 6 hours against 0.3 M sucrose containing 10° m GSH, 10-4 m EDTA, pH 7.5), 
1.5 mg., 0.03 m Tris buffer, pH 7.5, Tris-phosphocreatine, 0.02 mM, ATP, sodium salt, 
0.001 m, ATP-creatine transphosphorylase, 14 units, GSH, Tris salt, 0.025 m, MgClo, 
5 X 10°* mM, GDP, 10-4 C'*-L-leucine, m (2 X 10° e.p.m. per mg. at infinite 
thickness), NaCl and KCI additions as indicated, all in a final volume of 1.0 ml. 
Incubated at 37° for 30 minutes. Maximal incorporation (293 ¢.p.m. at infinite 
thickness) 0.1 ymole of C'*-leucine per gm. of protein. 

Fic. 4. The effect of varying the ratio of potassium and sodium on the incorpora- 
tion of C'4-leucine. Conditions as described in legend, Fig. 3; total concentration of 
chlorides, 0.08 Mm. Maximal incorporation (245 e.p.m. at infinite thickness) 0.09 
umole of C!*-leucine per gm. of protein. 


medium prevented completely the inhibition obtained with 2 X 107% mM 
ATP. Also, if the MgCle concentration was increased from the usaul 
5 X 10-*m tol X min an incubation mixture containing microsomes 
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which had been centrifuged from sucrose-ATP, then the incorporation was 
stimulated by about 50 to 100 per cent. 

In Table I comparative data are given on the activity of microsomes 
centrifuged in the presence of AMP, ADP, or GDP rather than ATP. 

Effect of Salts—Amino acid incorporation into microsomes was stimu- 
lated about 2-fold by sodium and very markedly (approximately 10-fold) 
by potassium ions (cf. Sachs and Neidle (7)).. The effect of increasing the 
sodium or potassium concentration on the incorporation is shown in Fig. 


200Fr 


0.08M KC/ 


0.02™ KCI 


017M KCI 


RELATIVE SPECIFIC ACTIVITY 


5 10 20 25 
MINUTES 
Fic. 5. The effect of low (A), optimal (O), and high (@) concentrations of KC] 
on the time-course of the incorporation of C'*-leucine. Low KCl] (A), 0.02 M, optimal 
(O), 0.08 M, high (@),0.17 mM. Conditions as described in legend, Fig. 3. 


3. The optimal potassium concentration extended over the range 0.06 to 
0.1 M, incorporation falling off on either side of the plateau. However, in 
the presence of larger amounts of S-protein this plateau was extended into 
even higher salt regions. If the total salt concentration was kept constant 
at 0.08 mM and the ratio of sodium and potassium was varied, the effect of 
these two ions on the incorporation appeared to be additive over a limited 
range. This is apparent from a comparison of the curves in Figs. 3 and 4. 
In experiments designed to test the role of various anions, chloride salts 
were replaced by sodium or potassium salts of either di- or polyvalent 
anions. Whereas, under the conditions described, KCl above 0.1 m became 
increasingly inhibitory, potassium salts of di- or polyvalent anions (under 
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equivalent conditions of ionic strength, potassium and S-protein concen- 
tration, etc.) were inhibitory at lower concentrations. The inhibition by 


fe OF MAXIMUM INCORPORATION INTO MICROSOMES 
2) 


| 


5 /0 IS 20 25 
MG PROTEIN 

Fic. 6. The effect of varying the concentration of S-protein (O) and microsomal 
protein (@) (A) on the incorporation of C'*-leucine into microsomes. Conditions as 
described in legends, Figs. 1 and 2; S-protein (dialyzed 6 hours against 0.3 M sucrose 
containing 10-* mM GSH, 10-4 m EDTA, pH 7.5) additions as indicated, (O); micro- 
some concentration, 9 to 10 mg. of protein, the volume of S-protein added was kept 
constant by adding the required amount of dialysate; after incubation at 37° for 30 
minutes the microsomes were centrifuged at 40,000 r.p.m. for 1 hour, washed, and 
counted. Maximal incorporation (650 ¢.p.m. at infinite thickness) 0.2 wymole of C'*- 
leucine per gm. of protein. Microsomal protein additions as indicated; (@) in the 
presence of 1.7 mg. of S-protein; (A) 5.7 mg. of S-protein; processed as described 
above; for small amounts of microsomal protein, three or four tubes were run simul- 
taneously and pooled after incubation. Incorporation expressed as per cent of total 
counts (¢.p.m. per mg. at infinite thickness X total mg. of microsomal protein); 
maximal total counts, 1014 ¢.p.m. 


higher levels of sodium phosphocreatine (Fig. 2) was probably due to such 
an effect. Aspects of the mechanism of action of polyvalent anions on 
the incorporation system have been reported briefly (20) and will be the 
subject of a subsequent communication. 
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In a system depleted of sodium or potassium ions (washed microsomes, 
dialyzed S-protein, Na, and K replaced by Tris), increasing the osmotic 
strength with sucrose stimulated the incorporation only slightly (20 per 
cent). 


400r 

300 
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= 2.8mg S- protein/ml 
< 
200F 
a. 
S-protein/ml 
LJ 
= 
< 
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no added S- protein 


10 20 30 
TIME MINUTES 
Fic. 7. The effect of varying the concentration of S-protein on the time-course of 
the incorporation of C'*-leucine. (©) no added S-protein, (@) S-protein, 1.4 mg. per 
ml., (CG) 2.8 mg. per ml. Each vessel contained microsomes (8 to 10 mg. per ml.) 
from a lyophilized preparation (dilute suspension), standard additions (see legend, 
Table I), and S-protein as indicated; ¢ = 37°. Additions and protein equilibrated 
separately and mixed at zero time. The zero time value was used as background. 
Data expressed as relative specific activity = counts per minute at infinite thickness. 


The kinetics of leucine incorporation was studied in the presence of low, 
high, and optimal concentrations of KCI (Fig. 5). Under these conditions 
the initial rates of incorporation differ in the experiments containing either 
optimal or low concentration of KC]. These initial rates did not decline 
until about 6 and 9 minutes, respectively. However, when potassium 
chloride was present in high concentration, the initial rate appeared to be 
maintained for only the first few minutes. 

Effect of Microsomes and S-Protein Concentration—The extent of incor- 
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poration of C'*-leucine also depends upon the concentration of microsomes 
and S-protein (Fig. 6). Under standard conditions, microsomes (ex- 
pressed in mg. of protein) at low concentrations appeared to be limiting. 
At higher concentrations of microsomes, the amount of S-protein was 
limiting, although strict proportionality was not observed. Under such 
ecnditions, increasing amounts of S-protein had little effect on the initial 
rates but appeared instead to maintain for a longer time the ability of the 
system to incorporate C'-leucine (Fig. 7). However, once the incor- 
poration had leveled off (after about 30 minutes at 37°), subsequent addi- 
tions of an ATP-generating system, S-protein, GDP, or these components 
in combination with another C'™-amino acid did not lead to significant 
further bursts of incorporation. Also, no further incorporation was ob- 
served with microsomes separated from the original incubation medium by 
centrifugation. When the time-course of incorporation was studied at 18° 
instead of 37°, under otherwise identical conditions as in lig. 7, increasing 
the S-protein concentration had little effect on the initial rate or the ex- 
tent of incorporation. Strikingly, the requirement for S-protein was 
greatly increased with acetone-dried microsomes.’ 

The protective action of S-protein on microsomes was further demon- 
strated by preincubation experiments. Microsomes were preincubated at 
37° for 10 to 15 minutes in Tris buffer, buffer and an ATP-generating sys- 
tem, or buffer and ribonuclease, and then tested under standard conditions 
_ for incorporation. In all cases in which either crude or dialyzed S-protein 
was present during the preincubation, a several-fold higher rate of incor- 
| poration was observed compared to controls preincubated in the absence 
of S-protein (Table II). 

S-proteins not only from rat liver but from a variety of sources have been 
found to be effective in stimulating amino acid incorporation into rat 
liver microsomes. These include guinea pig, cat, and monkey liver, guinea 
pig, rat, and monkey brain cortex. Preliminary experiments have indi- 
cated that S-proteins may be subjected to the usual fractionation pro- 
cedures (e.g. acid, salt, organic solvents, gels, ete.) (ef. Hoagland et al, 


(17)). 


The stabilizing effect of S-protein made it possible to dialyze microsomes 


8 Acetone drying of microsomes has up to now yielded preparations with vari- 
able degrees of inactivation. However, all active preparations required relatively 
large amounts of S-protein for maximal activity (compared to freshly prepared or 
lyophilized microsomes). The best preparations were obtained in the following 
manner: fresh, concentrated suspensions of microsomes were added to 50 to 75 vol- 
umes of acetone at 0°, stirred for about 10 minutes, filtered, and washed with acetone. 
The powder was resuspended in acetone and treated as above to yield a white, fluffy 
powder. In view of these results the possibility cannot be excluded that some lip- 
ide-soluble cofactor is involved. 
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in the presence of a 10-fold excess of S-protein for 3 to 4 hours at 4° against 
a 0.25 M sucrose solution containing 10-4 mM GSH, 10-4 m EDTA, pH 7.5. 
These microsomes still retained considerable incorporating activity, 7.e. up 
to 0.2 umole of leucine per gm. of protein. Microsomes treated in this 
manner failed to show any requirement for a complete mixture of amino 
acids. 

TaBLeE II 


Effect of Preincubating Microsomes under Various Conditions in 
Presence and Absence of Supernatant Protein 


Per cent of maximal 
incorporation 


dditions during preincubation S-protela daring prelacubatica 


- + 

| 37 24 72 
3. ATP-generating system*................. | 37 18 61 


Each tube contained microsomes (10 to 12 mg. of protein) from a lyophilized prep- 
aration (dilute suspension), 0.04 mM Tris buffer, pH 7.5, and additions as indicated 
in a volume of 0.5 ml.; preincubated with or without dialyzed S-protein (6 mg.) for 
10 minutes at 37°; the standard additions (Table 1) including 2 mg. of dialyzed 
S-protein (kept at 0°) were then added to each tube and the incubation was con- 
tinued for 30 minutes at 37°. Those tubes preincubated without S-protein also 
received along with the standard additions 6 mg. of S-protein which had been incu- 
bated for 10 minutes at 37°. Similar results were obtained if, after preincubation, 
the microsomes from each vessel were sedimented (all in the presence of identical 
amounts of S-protein) at 40,000 r.p.m. for 35 minutes at 0° and then reincubated 
under standard conditions. For these latter experiments more concentrated sus- 
pensions of microsomes and S-protein were employed. Maximal incorporation (180 
c.p.m. at infinite thickness), 0.06 umole of C!!-leucine per gm. of protein. 

* ATP, 10-3 m, Tris-phosphocreatine, 10-? mM, ATP-creatine transphosphorylase, 
14 units. 


DISCUSSION 


By the lyophilization procedure described in this report, relatively large 
amounts of powder could be prepared from rat livers containing micro- 
somes whose amino acid-incorporating activity remained constant over a 
period of at least several months. In addition, the requirements for amino 
acid incorporation did not appear to be altered in any way by the lyophiliza- 
tion step. In this respect, some of the findings reported here corroborate 
many of the results of Zamecnik et al. (4, 17, 18) on their studies with 
freshly prepared rat liver microsomes. However, there are a number of 
additional observations which are pertinent and are discussed briefly below. 
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The inhibition of amino acid incorporation by relatively low levels of 
ATP presents a paradoxical situation since ATP is required at some point 
during incorporation. It would appear that the inhibition by ATP arises 
from its ability to disrupt or distort some essential microsome structure. 
Presumably ATP binds some metal ion (probably magnesium) essential 
for the integrity of microsomes. Recent observations by Petermann and 
Hamilton’ (22, 23) on the stabilizing effect of magnesium ions on rat liver 
ribonucleoprotein particles support such an interpretation of the ATP in- 
hibition. 

The effects of electrolytes on a large number of enzymatic processes 
have been well documented and especially the role of potassium in phos- 
phorylating systems (24). It would appear that we are dealing with two 
effects of electrolytes on the incorporating system: one related unspecifi- 
cally to the ionic strength and the other specifically to the potassium con- 
centration. The inhibition observed with high concentrations of salt where 
the incorporation ceases after a few minutes is probably due to the disso- 
ciation of the ribonucleoprotein granules on rat liver microsomes (25). 
The complexity of this crude system precluded a more detailed analysis of 
these salt effects. 

Allfrey and Mirsky (26) have reported on the effect of sodium ions on 
the incorporation of amino acids into isolated thymus nuclei. In their 
system, replacement of sodium by potassium decreased the incorporation 
to 15 per cent of the optimal value. The requirement for potassium in the 
cytoplasmic and of sodium in. the nuclear amino acid-incorporating system 
may conceivably represent a mechanism for the control of protein syn- 
thesis in these two cell compartments during various stages of growth. 
The role Gf any) of the adrenocortical steroids in such a process must ob- 
viously await further experimentation. 

Zamecnik et al. (4) have clearly demonstrated the requirement for solu- 
ble protein for amino acid incorporation into rat liver microsomes. Hoag- 
land et al. (17, 27) have found enzymes in this soluble fraction of liver 
capable of activating the carboxyl group of a number of amino acids and 
they have postulated that this reaction represents the first step in amino 
acid incorporation. From the data presented here, it would appear that 
one of the functions of S-protein (which may be unrelated to any enzymatic 
properties) is the preservation of some essential ribonucleoprotein structure 
of microsomes during incorporation. This conclusion is consistent with the 
ability of S-protein to protect microsomes against the deleterious effects of 
ribonuclease, lyophilization, heat, and high concentrations of salt, ATP, 
and polyvalent anions (20). The cessation of amino acid incorporation 
after relatively short time intervals is probably due to an eventual irreversi- 


° Dr. M. L. Petermann, personal communication. 
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ble dissociation of these highly organized granules (cf. Petermann et al. 
(23, 28)). According to these studies the most reasonable mechanism 
whereby S-protein protects microsomes would involve an intimate asso- 
ciation of these two components. The nature and specificity of this com- 
bination and the extent to which S-protein forms an integral, active part 
of the microsome-incorporating system are presently under investigation. 


The author wishes to express his gratitude to Dr. Heinrich Waelsch for 
his continued interest and counsel and to Mr. Amos Neidle for his active 
collaboration during the early phases of this work. 


SUMMARY 


The microsome fraction from rat liver, active in amino acid incorpora- 
tion, was obtained in the form of a stable lyophilized powder. Full ac- 
tivity was retained only when the microsomes were lyophilized in the pres- 
ence of the soluble protein fraction. The requirements for amino acid 
incorporation into microsomes of such a preparation were studied.  Al- 
though adenosine triphosphate (ATP) and an ATP-generating system were 
required for incorporation, concentrations of ATP above 107% M were in- 
hibitory. This inhibition did not appear to function via a phosphorylat- 
ing mechanism and could be overcome by increased amounts of magnesium 
ions. Washed microsomes centrifuged in the presence of 10-3? mM ATP at 
0° were also inhibited. Magnesium ions added to the centrifugation me- 
dium were effective in preventing this inactivation. Amino acid incorpora- 
tion was stimulated about 10-fold by KCl. This effect appeared to be 
specific for potassium ions. In the presence of concentrations of KCl 
above 0.1 Mm the initial rate of incorporation of C'4-leucine declined rapidly 
after the first few minutes. The rate and extent of incorporation of C'- 
leucine into microsomes depended also on the concentration of microsomes 
and supernatant protein. Microsomal protein at low concentrations ap- 
peared to be limiting. At higher concentrations of microsomes, the in- 
corporation was a function of the concentration of supernatant protein. 
However, under these conditions, increasing amounts of supernatant pro- 
tein had little effect on the initial rates but appeared instead to increase 
the ability of the system to incorporate C'-leucine for a longer time. 
Supernatant protein was also shown to be capable of stabilizing microsomes 
in the presence of high concentrations of salt, heat, dialysis, and ribonu- 
clease. 
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THE DARK ANAEROBIC METABOLISM OF ACETONE AND 
ACETATE BY THE PHOTOSYNTHETIC BACTERIUM 
RHODOPSEUDOMONAS GELATINOSA* 


By JACK M. SIEGELT 


(From the Department of Biochemistry, School of Medicine, 
University of Arkansas, Little Rock, Arkansas) 


(Received for publication, April 1, 1957) 


Previous studies have shown that the metabolism of acetone and acetate 
by the photosynthetic bacterium, Rhodopseudomonas gelatinosa, requires 
either light or oxygen as a source of energy (1, 2). The studies also showed 
that the cleavage of acetoacetate to acetate did not require an external 
source of energy. These observations are consistent with the known 
thermodynamic properties of the reactions which indicate that the cleavage 
of acetoacetate is an exergonic reaction. In view of current concepts of 
acetoacetate metabolism (3), it seemed possible that some of the energy 
liberated by this reaction could be utilized to satisfy part of the energy 
requirements for the metabolism of acetone and acetate. 

The coupling of acetone and acetate metabolism with acetoacetate 
decomposition, anaerobically in the dark, was investigated by means of 
C-labeled acetone and acetate. The results indicate that the hydrolysis 
of acetoacetate can serve as a source of energy for these reactions. The 
coupling between acetoacetate decomposition and acetate metabolism 
was much more efficient than the coupling with acetone metabolism. 


EXPERIMENTAL 


A special strain of R. gelatinosa was grown photosynthetically in a 
liquid medium containing 0.2 per cent acetone (1, 4). Resting cell sus- 
_-pensions were incubated at 30°, either in standard Warburg reaction 
vessels or in modified Dixon-Keilin vessels. Light was excluded from the 
reaction vessels by working in a dimly lit room and by covering the entire 
Warburg apparatus with a heavy black cloth. Where indicated, illumina- 
tion was provided by a bank of 60 watt incandescent lamps. 

Other analytical and preparative methods used in this investigation 
were described earlier (1, 2). Sodium acetate-1-C™ and sodium acetate- 
2-C' were purchased from Tracerlab, Inc., and part of the acetone-1 ,3-C" 
used was purchased from the Nuclear Instrument and Chemical Corpora- 
tion. 


* This investigation was supported in part by the United States Atomic Energy 
Commission, contract No. AT-(40-1)-1077. 
t Present address, Pabst Laboratories, Milwaukee, Wisconsin. 
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Results 


Metabolism of Acetone-1 ,3-C'* Induced by Acetoacetate—Bacterial sus- 
pensions were allowed to act on mixtures of acetoacetate and acetone-1 ,3- 
C™ anaerobically in the dark. After the acetoacetate was completely 
decomposed, the resulting acetic acid and the insoluble cell material were 


assayed for C4’. The appearance of C™ was taken as evidence of acetone 


TABLE I 


Metabolism of Acetone-1 ,3-C'4 Induced by Acetoacetate Decomposition 
under Anaerobic Conditions in Darkness* 


C4 activit 
Acetate Cells Total Acetone 
pmoles c.p.m. c.p.m. c.p.m. pmoles 
1 50 2,070 30 2,100 1.51 33 
37 1,510 75 1,585 1.14 32 
25 654 53 707 0.51 49 
12 466 32 498 0.36 33 
6 228 10 238 0.17 35 
None 100 0 100 0.07 
2 40.3 92 , 500 12,800 105, 300 1.39 29 
34.5 87 , 200 10,350 97 ,550 1.28 27 
28.8 67 ,700 8,430 76,130 1.00 29 
23.0 61,600 5,970 67 ,570 0.89 26 
11.5 25 ,400 2,100 27 , 500 0.36 32 
None 11,630 260 11,890 0.16 


* In Experiment 1, each reaction vessel contained 18 mg. (dry weight) of bacteria, 
20 umoles of acetone-1,3-C!4, with a specific activity of 1390 c.p.m. per umole, and 
sodium acetoacetate, as indicated in a final volume of 6 ml. of 0.01 m NaHCO;. Gas 
phase, 5 per cent CO.in He. In Experiment 2 each reaction vessel contained 12 mg. 
(dry weight) of bacteria, 20 wmoles of acetone-1,3-C', with a specific activity of 
76,000 c.p.m. per umole, and sodium acetoacetate, as indicatd in a final volume of 3 
ml. of 0.05 m phosphate buffer, pH 7. Gas phase, He. 


metabolism, 7.e. carboxylation of acetone to form acetoacetate and its 
subsequent decomposition to acetate. 

The results (Table I) show that the amounts of C™ accumulated in the 
various metabolic products were in direct proportion to the amount of 
acetoacetate decomposed. The major portion of the radioactivity was 
found in the acetic acid fraction. Although the molar specific activity 
of the acetic acid was not included in Table I, the values were found to 
be independent of the initial amount of acetoacetate added. This finding 
is another indication that acetone was metabolized in direct proportion 
to the amount of acetoacetate decomposed. When calculated in terms 
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of micromoles of acetone metabolized, 7.e. total activity divided by the 
molar specific activity of the acetone-1,3-C™, the data indicate that 1 
mole of acetone was converted to acetoacetate for about every 30 moles of 
acetoacetate that were decomposed to acetate. 

Metabolism of Acetate-2-C' Induced by Acetoacetate—The first experi- 
ment was repeated with acetate-2-C" instead of the labeled acetone. The 
results are summarized in Table II. Again it was found that acetoacetate 
decomposition stimulated the incorporation of C'™ into insoluble cellular 
material and also into non-volatile soluble substances. In this experiment, 
however, the specific activity of the acetate did not remain constant, but 
underwent a continual decrease due to dilution with ordinary acetate 


TABLE II 


Assimilation of Acetate-2-C'* Induced by Acetoacetate Decomposition 
under Anaerobic Conditions in Darkness* 


A Mole ratio: 
ciicactivity of | Acetoacetate 
Cells Total acetate Acetate 

c.p.m. c.p.m. c.p.m. c.p.m. per pmole pumoles 

50 1900 1070 2970 552 5.4 9.3 

37 1370 525 1895 578 3.3 11.3 

25 760 340 1100 597 1.8 13.6 

12 320 140 460 645 0.7 16.9 

None 30 115 145 700 0.2 


* Each reaction vessel contained 30 mg. (dry weight) of bacteria, 80 wmoles of 
sodium acetate-2-C', with a specific activity of 735 e.p.m. per wmole, and sodium 
acetoacetate, as indicated in a final volume of 6 ml. of 0.01 m NaHCO;. Gas phase, 
5 per cent CO. in He. 


resulting from the decomposition of acetoacetate. The exact calculation 
of the amount of acetate metabolized was complicated by this factor, but, 
as a first approximation, the average specific activity of the acetic acid 
Was used. 

Although the values are approximate, it would appear that, as the 
amount of acetoacetate was increased, the assimilation of acetate-2-C™ 
became more efficient, z.e. the breakdown of fewer molecules of acetoacetate 
were required for the assimilation of 1 molecule of acetate. This would 
be explainable if the assimilation of acetate-2-C™ under these conditions 
were dependent on its exchange with the acyl moiety of an intermediate 
in acetoacetate metabolism, e.g. acetyl coenzyme A in equilibrium with 
acetoacetate. Under these circumstances, the more acetoacetate added, 
the more time would be available for equilibration between the aceto- 
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acetate and acetate, and, consequently, the more complete the equilibra- 
tion. According to this concept, the assimilation of labeled acetate should 
appear to be more efficient when it is generated directly from radioactive 
acetoacetate. 

Assimilation of Acetoacetate-2,4-C'* in Absence of Light and Oxygen—In 
the first experiment it was demonstrated that, under anaerobic conditions 
in darkness, 1 mole of acetone was converted to acetoacetate for about 
every 30 moles of acetoacetate that were converted to acetate. Further- 
more, the specific activity of the acetic acid produced, which reflects the 
average specific activity of the intermediate acetoacetate, was found to 


TaBLeE III 
Assimilation of Acetoacetate under Anaerobic Conditions in Darkness* 
C4 activity 
pectic activ- Acetate Acetoacetate 
tat ity of acetate assimilat “et: 
= Cells Total 
pumoles c.p.m. c.p.m c.p.m. c.p.m. per umole pmoles 
40.3 12,800 850 13 ,650 12207 10.3 3.9 
34.5 10,350 870 11,220 13907 8.4 
28.8 8,430 1240 9,670 1300T 3.9 
23 .0 5,970 850 6 ,820 1390T 5.1 4.5 
11.5 2,100 §20 2,920 1058 2.8 4.1 
None 255 None 255 2040 0.1 


* C'4_labeled acetoacetate was produced, in situ, from the metabolism of acetone- 
1,3-C'4. Each reaction vessel contained 12 mg. (dry weight) of bacteria, 20 umoles 
of acetone-1,3-C', with a specific activity of 76,000 c.p.m. per umole, and sodium 
acetoacetate, as indicated in a final volume of 3 ml. of 0.05 m phosphate buffer, pH 7. 
Gas phase, He. 


+t The four values designated by a dagger were averaged, and the average value | 
(1330 c.p.m. per wmole) was used to calculate the amount of ‘‘acetate’’ assimilated. — 


be independent of the initial amount of acetoacetate added. These 


circumstances were utilized in the present experiment for the production, | 


in situ, of acetoacetate-2 ,4-C™ from high specific activity acetone-1 ,3-C*. 
As in the first experiment, the bacteria were incubated anaerobically in 
the dark, with labeled acetone and various amounts of acetoacetate, 
until all of the acetoacetate was metabolized. The specific activity of the 
resulting acetic acid was determined as well as the total activities of the 
non-volatile soluble fraction and the acid-insoluble cell material. The 
micromoles of acetate equivalent assimilated (7.e. acetyl moieties of aceto- 
acetate) were calculated by dividing the specific activity of the acetic 
acid into the total activity of the non-volatile soluble fraction and the 
acid-insoluble cell material. The data, summarized in Table III, indicate 
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that 1 acetate unit was assimilated for every 4 moles of acetoacetate 
decomposed independently of the initial amount of acetoacetate added. 
Reversibility of Acetoacetate Cleavage—Bacterial suspensions were allowed 
to metabolize acetoacetate partially in the presence of acetate-1-C". 
The residual acetoacetate was catalytically decarboxylated with aniline 
citrate and the resulting CO2 was assayed for C'™. If the reaction were 
reversible, the residual acetoacetate should become labeled in the carboxy] 
position. The effect of light on the reversibility of the cleavage reaction 


TABLE LV 


Reversibility of Acetoacetate Cleavage under Anaerobic Conditions 
in Presence or Absence of Light* 


Conditions Dark Light 

Incub A P Activit P t 

min, | | orem | | | 
60 22 270 8.1 38 310 10.6 
120 41 230 17.8 61 170 35.9 
240 71 180 39.4 77 70 100 
45 40 1680 2.4 147° 1650 8.9 
90 118 1600 7.4 354 1520 23.3 
150 180 1400 12.9 499 1470 33.9 


* In the upper experiment, each reaction vessel contained 15 mg. (dry weight) of 
bacteria, 60 wmoles of sodium acetoacetate, and 30 uwmoles of sodium acetate-1-C"'4, 
with a specific activity of about 400 c.p.m. per umole, in a final volume of 2.4 ml. of 
0.01 m NaHCO;. Gas phase, 5 per cent CO, in He. In the lower experiment each 
reaction vessel contained 12 mg. (dry weight) of bacteria, 60 zmoles of sodium aceto- 
acetate, and 100 umoles of sodium acetate-1-C", with a specific activity of about 1700 
¢.p.m. per wmole, in a final volume of 5 ml. of 0.05 m phosphate buffer, pH 7. Gas 
phase, He. 

+t Per cent equilibration = 
tate) X 100. 


(activity of acetoacetate carboxyl)/(activity of ace- 


also was determined. For this purpose, half of the reaction vessels were 
illuminated with a bank of five 60 watt incandescent lamps placed about 
8 inches above the vessels. The remaining vessels were wrapped with two 
layers of aluminum foil to exclude the light. 

The results of two experiments are presented in Table IV. From a 
qualitative point of view, it is readily apparent that the anaerobic cleavage 
of acetoacetate to acetate is reversible. The calculation of the exact 
percentage equilibration, for the purpose of determining the effect of il- 
lumination, was complicated by the dilution of the radioactive acetate 
with the metabolically produced acetate. In the second experiment this 
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effect was greatly minimized by starting with a large amount of acetate-1- 
C™, In both experiments, however, the calculations were based on the 
observed specific activities of the acetate at the end of each incubation 
period rather than the average values for the period. From these cal- 
culations, it appears that the reversibility of the anaerobic cleavage of 
acetoacetate was greatly stimulated by light. This result was not too 
surprising because energy is required to synthesize acetoacetate from 
acetate, and, in the case of the photosynthetic bacteria, the energy can be 
supplied as light. 


DISCUSSION 


The foregoing experiments demonstrate that energy derived from the 
hydrolysis of acetoacetate can be utilized for the carboxylation of acetone 


CELL 
MATERIAL 
ACETONE + CO,—7>AcAcO ——[AcCoA] 
|ENERGY/ 4 \- 
AcO +CoA 
LIGHT; 


Fig. 1. Schematic representation of energy transfers related to acetone, acetate, 
and acetoacetate metabolism by PR. gelatinosa. 


or for the assimilation of acetate into cell material. A schematic diagram 
of this phenomenon, showing its relationship to the photosynthetic and 
aerobic metabolism of this bacterium, is presented in Fig. 1. In the light 
of present concepts of acetoacetate metabolism (3), 1t 1s reasonable to 
assume that the conservation of energy released during the hydrolysis of 
acetoacetate involves the reversible formation of acetyl coenzyme A. The 
energy stored in this intermediate may be utilized in two ways: it may be 
expended in direct reactions of the acetyl group, as in the assimilation of 
acetate into cell material, or it may undergo transformation into other 
chemical forms, for example adenosine triphosphate. The latter process 
is probably what happens when acetoacetate decomposition is coupled to 
the carboxylation of acetone and accounts for the very low coupling 
efficiency. 

Regardless of the exact mechanisms involved, it is apparent that, in 
the metabolism of organic substrates by R. gelatinosa, energy must be 
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provided at discrete points in their metabolic pathways. The energy 
is normally supplied by the absorption of light or by aerobic oxidation. 
From the present experiments, it may be concluded that a part of the 
energy requirement can be derived from exergonic reactions, occurring in 
the metabolism of the substrate itself. 


SUMMARY 


The conversion of acetone-1,3-C™ to C'-labeled acetate and acid- 
insoluble cell material and the incorporation of acetate-2-C™ into cell 
material by Rhodopseudomonas gelatinosa, anaerobically in the dark, were 
induced by the cleavage of acetoacetate to acetate. 

Acetate-2-C™ metabolism coupled much more efficiently with aceto- 
acetate cleavage than did acetone-1 ,3-C'* metabolism. 

The cleavage of acetoacetate to acetate was shown to be reversible, 
and it was found that light stimulated the reverse reaction. 

The significance of these findings is discussed in relation to energy 
requirements in the metabolism of organic substrates by the photosyn- 
thetic bacteria. 


BIBLIOGRAPHY 


1. Siegel, J. M., J. Biol. Chem., 208, 205 (1954). 

2. Siegel, J. M., and Smith, A. A., J. Biol. Chem., 214, 475 (1955). 

3. Stern, J. R., Coon, M. J., and del Campillo, A., J. Biol. Chem., 221, 1 (1956). 
4. Siegel, J. M., and Kamen, M. D., J. Bact., 59, 693 (1950). 


he 

on 

al- 

of | 

00 

ym | 
be | 

he 

Le, | 

m 

id 

ht 

to 

of | 

he 

of 

er | 

Ss 

LO | 

| 

in | 


| 
XU 


STUDIES OF SPECIFICITY OF DEOXYRIBONUCLEASE II 
FROM THYMUS* 
By ULLA-RIITTA LAURILA ann M. LASKOWSKI 


(From the Department of Biochemistry, Marquette University School 
of Medicine, Milwaukee, Wisconsin) 
(Received for publication, March 13, 1957) 

The early studies on the specificity of different deoxyribonucleases 
(DNases) have been reviewed by Schmidt (2). Since that time, digests of 
deoxyribonucleic acid (DNA) by DNase I and DNase II were compared 
in respect to the size of fragments (3). More recently, a partially puri- 
fed DNase from Micrococcus pyogenes (4) has been shown to produce 
fragments terminated in 3’-phosphate (4, 5). Independently, and_al- 
most simultaneously, in Sinsheimer’s laboratory, Koerner (6) concluded 
that DNase II from spleen also produced fragments terminated in 3’-phos- 
phate. Besides the specificity toward the 5’-bond of the diphosphate link- 
age, no other specificity requirements were observed for the latter enzyme. 
A study of a similar DNase II from thymus, presented in this paper, also 
leads to the conclusion that the reaction products are terminated in 3/- 
phosphate. Furthermore, it will be shown that the sequence! Pyp-Pup is 
absent from the products, thus suggesting that this linkage is preferen- 
tially attacked by DNase IT. 


Methods 


DNA was prepared according to Kay, Simmons, and Dounce (9). 
DNase II was purified through the first three steps of the method of Las- 
kowski et al. (10) and was then chromatographed on substituted celluloses 
prepared according to Peterson? and Sober (11). The chromatographic 
procedure was that of Watson (12). The solution of DNase II, dialyzed 
against 0.005 m phosphate buffer, pH 6.7, was passed through a column 


* Supported by grants from the Atomic Energy Commission and the American 
Cancer Society. A preliminary report has been published (1). 

1 The system of abbreviations according to Smith and Markham (7) is that used 
previously (8). The capital letter designates a nucleoside; p preceding the capital 
letter signifies the 5’-phosphoryl group, p between the two capital letters signifies 
the secondary phosphoryl group linking the 3’-carbon of the preceding nucleoside 
with 5’-earbon of the following nucleoside, p following the capital letter signifies a 
3'-phosphoryl group; (d) signifies that the sugar component is deoxyribose. A = 
adenosine, G = guanosine, C = cytosine, T = thymine, X, Y, and Z are used for non- 
specified nucleosides, Pu = purine nucleoside, and Py = pyrimidine nucleoside. 

2 We are indebted to Dr. E. A. Peterson for the gift of his substituted celluloses. 
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(2 X 20 em.) of diethylaminoethyl-cellulose adjusted to the same buffer. 
The enzyme emerged in the first peak, whereas a considerable amount of 
impurities was retained. The enzyme was lyophilized and dialyzed against 
0.1 mM phosphate buffer, pH 6. The solution of enzyme was placed on the 
column of carboxymethyl-cellulose (2 & 20 cm.) adjusted to the same 
buffer. The first peak containing the impurities was discarded. The en- 
zyme was eluted with 0.2 m phosphate buffer, pH 6, and lyophilized. The 
potency of the fresh preparation was around 4.0 (AF of digest per min- 
ute per Fes9 of enzyme solution), expressed as described previously (10). 
After several months of storage, the potency dropped to 2.5. 

Because our present batch of venom (Crotalus adamanteus)* differed from 
that used previously, it was necessary to modify Step 1 of the procedure 
for preparing phospodiesterase (13). Venom was dissolved in 0.3 M ace- 
tate buffer, pH 6.4, and was passed through a column of Amberlite IRC- 
50-XE-64. The first peak which contained phosphodiesterase and some 5’- 
nucleotidase was lyophilized and dialyzed against 0.2 m acetate, pH 6.2. 
It was rechromatographed on the same resin, adjusted to the above 
buffer. The first peak was discarded and the enzyme was eluted with 0.6 
M acetate buffer, pH 6.4. When assayed for the contaminating 5’-nucleo- 
tidase, less than 2.0 per cent thymidine was found after 2 mg. of thymidylic 
acid‘ were incubated for 3 hours with 0.08 unit of phosphodiesterase. Fur- 
ther procedure of purification of phosphodiesterase was identical with that 
described (13). 

The digested DNA was chromatographed on Dowex 1-X (2 per cent cross- 
linked) by the slightly modified (4) method of Sinsheimer (14). The frag- 
ments thus obtained were identified by using ionophoresis (15), chroma- 
tography of mononucleotides (15), nucleosides (16), and bases (17). The 
bases were obtained after a complete hydrolysis with formic acid (18). 


Results 


300 mg. of DNA were treated with 12 units (10) of DNase IT and incu- | 


bated at 37° for a total of 18 hours. The rapid phase of reaction evidenced | 


by the loss of viscosity was terminated in 2 hours; no definite statement 
can be made concerning the termination of the slow phase. The digest 
was placed on a column of Dowex 1-X2 and was eluted with ammonium 
formate buffers. Figs. 1 and 2 illustrate the results. The scale on the 
ordinates is the same in both Figs. 1 and 2, but the horizontal scale in Fig. 
1 is 8-fold larger in order to magnify the beginning of the pattern. Com- 


3 All samples were purchased from Ross Allen’s Reptile Institute, Silver Springs, 
Florida. 

4Thymidyliec acid was found more sensitive to 5’-nucleotidase than the commer- 
cial 5’-adenylic acid, which had been used previously. 
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-_ parison of this pattern with that previously obtained (3) with smaller 
t of amounts of enzyme and a shorter incubation period indicates considerable 
a similarity: a very small 0.25 m fraction, a small 0.5 m fraction, a very large 
the 2 m fraction, and a moderate but definite 3 m fraction. The only marked 
me 
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. mate buffer, pH 4.5; volumes as indicated. Peaks 1 and 2 (not numbered) consist 
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” difference is that the amount of mononucleotides is increased in the pres- 
a ent experiment. This would appear to be in agreement with the obser- 
vation of Koerner (6) that mononucleotides appear after the fast phase 
ys, of the reaction has ended. 
Table I shows the relative amounts of different fractions. The results 
‘alt are expressed in per cent of the total material being absorbed at 260 mu 
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after the end of the digestion. Recovery higher than 100 per cent is caused 
by the background of the resin, which, unfortunately, was fairly high when 
eluting buffers of high molarity were used. 


TABLE I 


Relative Quantities of DNA Fragments Eluted with 
Buffers of Increasing Molarity 


Molarity of eluent Per cent total optical density 
0.1* 16.1f 
0.25 1.0 
0.50 8.0 
1.00 24.4 
2.00 46.5 
3.00 11.8 


*Sum of mono-, di-, and trinucleotides. 
t Mononucleotides, 7.3; dinucleotides, 3.3; and trinucleotides, 5.5. 


Aly 
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AMMONIUM FORMATE 


Fic. 3. Chromatography of deoxycytidylic acid: upper, before exposure to crude 
snake venom as a source of 5’-nucleotidase; lower, after exposure. Incubation 2 
hours at 37° with 1 mg. of venom, glycine-NaOH buffer, pH 9.0, in the presence of 
Mg*tt. Column Dowex 1-X2, 0.8 K 10 cm. Eluent, 0.01 mM ammonium formate, 
pH 4.5; volumes as indicated. 


Peaks 1 and 2 (Fig. 1) were each subjected to a second chromatography 
to isolate pure mononucleotides. Each mononucleotide was then sub- 
jected to the action of crude venom of C. adamanteus as a source of 5’-nu- 
cleotidase, after which the mixture was rechromatographed under condi- 
tions identical with those used before the digestion with venom. Fig. 3 
shows an example of chromatography of deoxycytidylic acid before and 
after digestion with 5’-nucleotidase. No significant quantities of nucleo- 
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side were observed, whereas the nucleotide emerged at the same place in a 
good yield. Experiments of this type were performed with each nucleo- 
tide and the results are presented in Table II. The average recovery of 


TABLE II 


Per Cent Recovery of Deoxyribomononucleotides after Exposure 
to 5’-Nucleotidase 


Amount before Recovery after digestion 


leotide digestion with crude venom 


meg. mg. per cent 


PEAK 6 
PEAK 8 


de Fia. 4. Composite ionogram of Peaks 3, 4, 6, and 8 (as shown in Fig. 1) by the 
9 method of Markham and Smith (15); 0.1 M sodium acetate buffer, pH 3.6; 2 hours; 
of about 20 volts per cm. All compounds including markers are derivatives of deoxy- 
e, ribose. Symbol (d) was omitted for clarity of the chart. 


a nucleotide was about 90 per cent. These results exclude the 5’ position 
ry for the phosphoryl group in mononucleotides. 

Peaks 3 to 8 (Fig. 1), which followed mononucleotides in the original 
digest, were subjected either to rechromatography or to ionophoresis, which 
led to a better separation. Fig. 4 is a composite of several standardized 
ionophoretic runs. Peaks 3, 4, 6, and 8 were successfully separated into 
several components. Ionophoresis was then repeated on a larger scale 
” with the use of streaks instead of spots. The separated streaks were 
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eluted, lyophilized, and used for identification by means of degradation 
with purified phosphodiesterase. 

The identification of dinucleotides was accomplished by the same method, 
which has been already used (4) for identification of (d)ApCp. Since 
degradation with phosphodiesterase produced from each dinucleotide only 
a nucleoside and nucleoside diphosphate, the original dinucleotides must 
have been of a general structure (d)XpYp. The nucleoside was easily 
identified by paper chromatography (16) or ionophoresis (15). The nu- 
cleoside diphosphate was identified by either ionophoresis (15) with a 
mobility approximately twice that of a corresponding mononucleotide, or 
by chromatography on Dowex 1, where it emerges with 0.25 m formate. 

From the previous considerations, it may be expected that a trinucleo- 
tide terminated in 3’-phosphate, (d) XpYpZp, after complete digestion with 


TaBLe III 
Composition of Identified Di- and Trinucleotides 
| | Type of combination 
Peak No. Identified by Compound 
Present | Absent 
3 Ionophoresis on paper (d)CpCp Pyp-Pyp 
(d)CpTp 
4 Ionophoresis on paper (d)ApTp Pup-Pyp 
(d)ApAp Pup-Pup Pyp-Pup 
6 Chromatography — on (d)GpAp 4 
Dowex 1-X2 
S Ionophoresis on paper (d)GpApCp Pup-Pup-Pyp, 


phosphodiesterase, will yield (d)X, (d)pY, and (d)pZp. The fraction of 
Peak 8 (Fig. 1), which upon complete hydrolysis with formic acid (18) 
showed adenine, cytosine, and guanine, was subjected to the action of 
phosphodiesterase with the results that guanosine was identified by chro- 
matography (16) in Hotchkiss’ system and by ionophoresis (15); deoxy- 
adenylic acid was identified by chromatography in Markham and Smith’s 
system and by ionophoresis (15), and 3’, 5’-deoxycytidine diphosphate was 
identified by ionophoresis (15). Table III summarizes the results of these 
experiments. The dinucleotides identified accounted for the three pos- 
sible combinations. Two of these three were also present in the trinucleo- 
tide. The fourth combination, Pyp-Pup, was missing, suggesting that 
this linkage is preferentially hydrolyzed by DNase II. 


DISCUSSION 


Phosphodiesterase of venom permits the determination of both end 
groups of fragments of deoxyribonucleic acids terminated in 3’-phosphate. 
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The terminal mononucleotide carrying a free phosphoryl group will appear 
as a nucleoside 3’, 5’-diphosphate, whereas the terminal mononucleotide 
end deprived of the free phosphoryl! group will appear as a nucleoside. The 
method has an obvious and an immediate usefulness for chains of any 
length, provided that the phosphodiesterase preparation is free from 5’-ny- 
cleotidase. In degrading trinucleotides and larger compounds, purity is 
particularly important since 5’-mononucleotides obtained from the center 
of the fragment are rapidly dephosphorylated by crude venom. For iden- 
tifying the 3’ end group, the purity of phosphodiesterase is of little sig- 
nificance because mononucleoside diphosphates are resistant to the action 
of 5’-nucleotidase. Therefore, for identification of dinucleotides, even a 
comparatively crude preparation is satisfactory. 

We have recently postulated (7) that trinucleotides terminated in 
5’-phosphate are attacked by phosphodiesterase by a consecutive libera- 
tion of mononucleotides from the 5’ end. In a trinucleotide terminated 
in 3’-phosphate the following sequence of events is postulated: first, 
(d)XpYpZp — (d)X + (d)pYpZp and then (d)pYpZp — (d)pY + (d)pZp. 
This working hypothesis is based on the observed differences in rates of 
hydrolysis of (d)pCpA and (d)CpA (8) as well as of (d)ApCp (3). 

From the identified products of the reaction, it is tentatively concluded 
that the linkage Pyp-Pup is preferentially attacked by DNase II. Re- 
cently, a similar tentative conclusion was advanced (3) for the explana- 
tion of specificity of DNase I, which preferentially splits the sequence 
pPu-pPy. In both cases, therefore, requirements for specificity involve the 
side of the internucleotide bond (3’-bond versus 5’-bond) as well as the bases 
of nucleosides, preceding and following the internucleotide bond. So far, 
no attempts were made to correlate the proposed preferential hydrolysis 
of the Pyp-Pup bond with the rapid (or slow) phase of the reaction ob- 
served for DNase II (6). In view of persistent efforts in several labora- 
tories to purify DNase II further, it appears wiser to postpone such at- 
tempts until a purer enzyme is available. 


SUMMARY 


Partially purified deoxyribonuclease (DNase II) from calf thymus di- 
gested deoxyribonucleic acid into fragments of variable size. The small- 
est fragments were 3’-mononucleotides. Five dinucleotides and one tri- 
nucleotide, all terminated in 3’-phosphate, were isolated and identified. 
The sequence Pyp-Pup was absent from the identified products. It is sug- 
gested that this linkage is preferentially hydrolyzed by DNase II. 
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PURINE METABOLISM IN BACTERIA 
V. FEED-BACK INHIBITION* 


By JOSEPH 8. GOTS 


(From the Department of Microbiology, School of Medicine, University 
of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, April 17, 1957) 


A feed-back mechanism for the control of biosynthetic processes in 
microorganisms has been revealed by at least two experimental approaches, 
viz. isotopic labeling and biochemical mutations. Isotopic techniques 
have shown that a biological system which is capable of the de novo syn- 
thesis of a given metabolite will preferentially utilize the proffered end prod- 
uct rather than undertake its synthesis de novo. This forms the basis 
for such principles as ‘‘reciprocal labeling’ (2) and “isotopic competition” 
(3), which have been most productive in the analysis of biosynthetic 
pathways. With respect to the formation of the nucleic acid purines, it. 
has been shown that r of Hi prevent, or at 
least_depress, the incorporation of labeled elementary precursors such as 
carbon dioxide (4, 5), glycine (6), inorganic ammonium salts (4), and for- 
mate (2, 7). 

Analyses with biochemical mutants of microorganisms have indicated 
that the feed-back control may operate-at-the level_of comparatively re- 
mote precursors. This is particularly evident when an auxotrophic mutant 
accumulates the substrate of the genetically impaired reaction. It is 
a universal observation that the accumulation of such precursors occurs 
only under conditions of suboptimal growth as provided by a suboptimal 
supply of the required end product; an excess supply, though allowing 
optimal growth, will prevent, or at least significantly depress, the ac- 
cumulation. Such observations indicate the existence of a mechanism of 
economical control of biosynthetic effort whereby the end product itself 
may serve as a signal which triggers a cessation of further biosynthesis. 

The first indication that purines can inhibit the biosynthesis of an 
early precursor was obtained with sulfonamide-inhibited bacteria in which 
5-amino-4-imidazolecarboxamide (AICA) accumulated as a result of the 
drug action. The addition of minute amounts (2 to 4 y per ml.) of any of 
the naturally occurring purines to this system immediately stopped the 


* This investigation was aided by a research grant (No. C-2790) from the National 
Institutes of Health, United States Public Health Service, Bethesda, Maryland. It 
was presented in part at the 46th annual meeting of the American Society of Biolog- 
ical Chemists in San Francisco, April, 1955 (1). 
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formation of AICA (8). An analysis of this phenomenon has been ex- 
tended to include a biochemical mutant which is genetically impaired in 
the conversion of the ribotide of AICA and hence accumulates its dephos- 
phorylated riboside derivative (9). In this system the formation of the 
AICA riboside can be followed with non-proliferating cell suspensions and 
serves as an index of the synthetic capacity of the bacteria with respect to 
nucleic acid purines. The presence of a small amount of an exogenously 
supplied purine imposes an immediate and direct inhibition on the forma- 
tion of the imidazole nucleus and halts further attempt at de novo syn- 
thesis. The inhibition is specific to the extent that only those purines and 
their ribose derivatives which are able to support growth of the mutant 
under cultural conditions will prevent synthesis of the aminoimidazole 
under non-proliferating conditions. This paper deals with a description 
of these events. 


Materials and Methods 


Bacterial Strains—Strain B-96 is a purine-requiring auxotroph of Esch- 
erichia coli, strain B, which was isolated in this laboratory (10) by the 
penicillin-selection technique. It is non-discriminating in its choice of 
purines in that adenine, hypoxanthine, guanine, xanthine, or isoguanine 
will support its growth. Except for xanthosine and adenosine 2’-phos- 
phate, all of the purine ribosides and ribotides also can serve as growth 
factors. Though current evidence indicates that in vivo synthesis and 
conversions proceed via ribotide derivatives, strain B-96 apparently 
dephosphorylates the ribotide in the process of its excretion and hence 
AICA accumulates in the culture fluid primarily as the riboside (9). 

Strain B-96/1t is a derivative of strain B-96 which was isolated from 
among the survivors of coliphage T; action. With respect to its purine 
requirements and accumulation of AICA it is like the parent B-96 strain, 
but the secondary mutation to phage resistance has introduced an ad- 
ditional requirement for tryptophan. The association of tryptophan 
requirement with T; resistance is a known phenomenon in strain B (11). 

AICA Synthesis—The synthesis of AICA was followed in both growing 
and non-proliferating systems. The methods and media were the same 
as those previously described for growing systems (10) and for resting 
systems (12). Non-proliferating cell suspensions were incubated in phos- 
phate buffer (0.04 m at pH 7.4) with glucose (0.02 m) as the source of 
carbon and energy and ammonium chloride (0.1 per cent) or casein hydrol- 
ysate (0.1 per cent) as the source of nitrogen. The final concentration 
of bacteria in the incubation mixture was 0.5 mg. of cells (dry weight) 
per ml. Incubation was carried out at 37°, and at required intervals the 
reaction was stopped with trichloroacetic acid and analyses were per- 
formed on the supernatant fluids obtained by centrifugation. 
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a Chemical Analyses—AICA was routinely measured as a diazotizable 
nm | amine by the method of Bratton and Marshall (13). Results have been 
S- | recorded as total amine with no attempt to differentiate between the free 
ie amine and its pentose-containing forms. | 
id Pentose was determined by the orcinol method as described by Drury 
(14). 
ly 
Results 
1- Accumulation in Growing Systems—The purines and their congeners 
d which can adequately support the growth of strain B-96 include adenine, 
it 
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mf Fic. 1. Growth and AICA accumulation as a function of adenine concentration 
- in strain B-96. Readings are for 24 hour cultures in salts-glucose media. 
n 
). adenosine, adenosine 3’-phosphate, adenosine 5’-phosphate, hypoxanthine, 
g inosine, inosinic acid, guanine, guanosine, guanylic acid, xanthine, and 
es isoguanine. Xanthosine gives only a meager response at high concentra- 
g tions; adenosine 2’-phosphate and 2,6-diaminopurine are inactive. In 
= all cases, the maximal accumulation of AICA occurs at concentrations of 


yf the growth factors which permit 30 to 50 per cent of the maximal growth. 
- At concentrations which permit maximal growth and above, accumulation is 
M drastically suppressed. Fig. 1 depicts the results obtained with adenine. 
) It can be seen that maximal accumulation occurs at a concentration of 
adenine (4 y per ml.) which allows only 30 per cent of the maximal growth. 
- At 20 y per ml. the growth is maximal but the accumulation of AICA 
is no longer demonstrable. 
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The accumulation of AICA was examined as a function of time in the 
experiment depicted in Fig. 2, in which the bacteria were harvested from 
the logarithmic phase of growth in broth, washed with saline, and heavily 
inoculated into fresh salts-glucose medium containing casein hydrolysate 
and adenine. It can be seen that AICA accumulation does not occur until 
the bacteria begin to enter the stationary period of growth. When an 
additional supply of adenine is furnished at this time, growth is immediately 
resumed and AICA accumulation ceases, to be renewed only when 75 to 
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Fic. 2. Growth and AICA accumulation as correlated with adenine utilization in 
strain B-96. Washed log phase bacteria were inoculated into salts-glucose medium 
containing adenine (10 y per ml.) and casein hydrolysate (0.1 per cent). A second 
supply of adenine was added as indicated. Incubation was carried out with aeration 
and aliquots were withdrawn for AICA determinations at intervals indicated. 


80 per cent of the adenine is again consumed and the growth rate again 
decreases. It is evident from this and similar experiments that AICA 
accumulation does not occur while the purines are being utilized for growth 
but proceeds optimally only when the purine has been consumed and a 
non-proliferating state has been reached. 

Accumulation by Non-Proliferating Cell Suspensions—In order to deter- 
mine whether the inhibitory action is a direct consequence of the presence 
of the purines or of a process associated with growth, initiated by the 
purines but not necessarily requiring their further participation, it was 
desirable to determine the effects of the purines under conditions whereby 
they could not initiate growth. This was achieved with strain B-96/It, 


| 
| 
b 
AICA 

| 2 3 4 6 

| 


Ss 


J. S. GOTS | 61 


the double mutant with a secondary requirement for tryptophan. Even 
with an optimal supply of the purines in the presence of casein hydrolysate, 
no growth is obtained unless tryptophan is supplied.. In the absence of 
purines the rate of AICA synthesis by non-proliferating suspensions of 
strain B-96/1t is comparable to that of the parent B-96 but the total 
amount formed is 20 per cent less than that produced by B-96. 

Fig. 3 shows the inhibitory effects obtained by the addition of adenine 
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Fic. 3. Inhibition of AICA accumulation by adenine. Activity is for resting 
cell suspensions of strain B-96/1t in the reaction mixture described in the text with 
casein hydrolysate. Additions of adenine to give final concentration of 10 y per ml. 
were made as indicated. 


(10 y per ml.) to suspensions of strain B-96/1t which are actively syn- 
thesizing AICA. The presence of adenine at the beginning results in an 
almost complete prevention of AICA formation. When added at various 
times after synthesis is well under way, adenine prevents further forma- 
tion, and the amount that had accumulated up to the time of addition 
remains at a plateau level. This experiment depicts the direct and im- 
mediate inhibition by adenine of the synthesis of AICA and also serves 
to rule out the possibility that inhibition might have been at the level of 
enzyme formation. 

In another experiment, similar to the one shown in Fig. 3, the cells 
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were removed by centrifugation after being exposed to adenine (10 y per 
ml.) for 2 hours, and were washed and resuspended in an equal volume 
of the reaction mixture. The synthesis of AICA resumed at a rate which 
was 75 per cent of that of a control (no adenine) similarly treated. Thus, 
the inhibitory action of adenine is reversible, though not completely, by 
the removal of exogenous adenine. 

All purines which are able to serve as growth factors are inhibitory. 
Dose response curves of the active purines are shown in lig. 4. The 
most efficient are adenine and hypoxanthine, which produce 50 per cent in- 
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Fic. 4. Inhibition of AICA accumulation by various purines. Same conditions 
as for Fig. 2. AICA yield was determined after an incubation period of 3 hours. 
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hibition at levels of 0.02 umole per ml. About twice this concentration 
is required to obtain the same degree of inhibition by guanine and isogua- 
nine. Xanthine is similar to hypoxanthine, except that a maximal degree 
of inhibition is reached which remains at a plateau level equal to 30 per 
cent of the control at all concentrations above 0.05 umole per ml. The 
nucleosides and nucleotides, which could also act as growth factors, are, 
on an equimolar basis, exactly comparable to their respective aglycones. 
The only exception is inosinic acid in that it requires exactly twice as 
much to give an inhibition comparable to that of hypoxanthine or inosine. 
Fig. 4 also shows the inactivity of adenosine 2’-phosphate and the relative 
inactivity of xanthosine. This correlates with their inactivities as growth 
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factors. The pyrimidines, cytosine, uracil, and thymine, are completely 
inactive. 

When the dose response curves are plotted against the logarithm of 
the concentration of purines, a consistent straight line proportionality is 
obtained between the degree of inhibition and the concentration. This 
is more accurately shown in Fig. 5 with adenine as an example. This 
relationship might be expected if the inhibition depended on the main- 
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Fic. 5. Linear relationship of AICA inhibition and log of concentration of ade- 
nine. Same conditions as for Fig. 4. 


tenance of an effective internal depot of the inhibitor, the concentration 
of which was a function of absorption and diffusion gradients. 

Since AICA accumulates primarily as a riboside, it is also possible to 
assay its presence on the basis of its pentose content. The molar increment 
in pentose during accumulation is approximately equal to the molar 
amount of arylamine formed. As indicated above, the arylamine produc- 
tion is drastically suppressed by the addition of purines. However, in 
examining the effect of the purines on the concomitant appearance of 
pentose, only little inhibition can be detected. The results of a typical 
experiment are given in Table I. Whereas adenine can cause at least an 
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85 per cent decrease in the accumulation of arylamine, the decrease in 
the amount of pentose was never more than 25 per cent. It is apparent 
from these results that the inhibition is at a level before the formation of 
the imidazole ring but after the formation of the ribose moiety. This is in 
agreement with a previous observation (15) that the synthesis of the first 
imidazole formed, 5-aminoimidazole ribotide (accumulated as the riboside), 
is also prevented by purines. 


TABLE 
Effect of Adenine on Arylamine and Pentose Accumulation 


Nitrogen source Additions Arylamine Pentose 


myumoles | Per cent | mmoles Per cent 

per mi. inhibition, per ml. inhibition 
NH,Cl None 25 0 31 0 
Adenine (10 y per ml.) 4 S4 27 13 
Casein hydrolysate | None 8S 0 91 | 0 
Adenine 13 85 70 | 23 


The concentrations of arylamine (calculated as AICA) and pentose (caleulated 
as ribose) were determined after incubation of strain B-96/1t for 4 hours. 


DISCUSSION 


The ability of an end product to prevent wasteful synthesis of its pre- 
cursors provides a purposive mechanism for biosynthetic conservation 
and control. An intimate analysis of the operative mechanisms of such 
control becomes possible with auxotrophic mutants where the genetic 
impairment leads to the accumulation of the intermediates, which are 
synthesized before the resulting metabolic lesion. With a wide variety of 
microbial mutants, it has been universally observed that the end products 
of the blocked reaction can prevent the accumulation of the precursors 
which form before the block. Where more extensive explorations have been 
made, the prevention of accumulation appears to be due to a direct in- 
hibition of biosynthesis. In addition to the above results this has been 
shown with bacterial mutants which require valine (16) and pyrimidines 
(17,18). In at least two instances, a specific inhibition by the end product 
on an enzyme concerned with its production has been demonstrated in 
cell-free bacterial extracts (18, 19). 

Another possibility that must be considered is the ability of an end 
product to prevent the formation of an enzyme which is concerned with 
its synthesis (20); hence subsequent intermediates would not be formed. 
The effects described above are not compatible with such a mechanism 
since inhibition was demonstrated even after full enzymatic complement 
was known to be present and operating at optimal efficiency (see Fig. 3). 
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The direct inhibition of substrate formation as evidenced here and else- 
where may indeed offer an explanation for the reported prevention of 
enzyme formation if such formation were an adaptive one requiring an 
endogenous substrate for its induction. 

Though the data presented here indicate that the purines can immedi- 
ately and directly inhibit the formation of the aminoimidazole precursor, 
the exact nature of the inhibition remains obscure and must remain so 
until the enzymatic processes can be dissected. Besides a specific in- 
hibition of one of the enzymes, the observed effects also could have been 
obtained if the purines were limiting the availability of earlier substrates 
by diverting them from the de novo sequence of biosynthesis. If utilization 
of the preformed purines required a factor which was also required for 
de novo synthesis, then a competition might result whereby the essential 
substance could be drained from the de novo pathway to be used pref- 
erentially for the incorporation of the preformed purines. Such a sub- 
stance could well be phosphoribosyl pyrophosphate (PRPP), the activated 
pentose phosphate which can react with free purines to produce nucleotides 
directly and can also combine with glutamine to form the acyclic ribotide 
precursors of purine nucleotides. This idea is supported by the results 
obtained in that, in order for a purine to exert the type of feed-back in- 
hibition described, it must be in a form which can be utilized for growth 
of the mutant. The very process of utilization, or incorporation into 
nucleic acids, may be a prerequisite for inhibition. Both utilization and 
inhibition probably operate at the level of the free bases since current 
evidence indicates that the nucleoside and nucleotide forms are not used 
as such for nucleic acid synthesis but must first be degraded to more 
readily utilizable aglycones (3, 21). Those derivatives (e.g. xanthosine 
and adenosine 2’-phosphate) which are inactive with respect to both utiliza- 
tion for growth and feed-back inhibition may well owe their inactivity to 
the inability of the cell to convert them to their respective aglycones. 


SUMMARY 


When the purine-requiring mutant of Escherichia coli, strain B-96, is 
supplied with an excess of purines, it ceases to accumulate the riboside of 
5-amino-4-imidazolecarboxamide. This apparent control of the synthesis 
of a precursor by its end products was examined with non-proliferating 
cell suspensions of a secondary mutant which required tryptophan for 
growth in addition to the purines. Minute concentrations of any purine 
or its derivative which could satisfy the growth requirement under cultural 
conditions could prevent, or at least significantly depress, the production 
of the aminoimidazole by the non-proliferating suspensions. This inhibi- 
tion is immediate and proportional to the log of the concentration of the 
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purines. The site of inhibition is apparently before the formation of the 
imidazole ring but after the completion of the ribose moiety, since adenine 
had only little effect in reducing the ribose concentration which parallels 
the AICA accumulation. 
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XANTHINE OXIDASE 
I. THE OXIDATION OF SULFITE* 


By IRWIN FRIDOVICHT ann PHILIP HANDLER 


(From the Department of Biochemistry and Nutrition, Duke University 
School of Medicine, Durham, North Carolina) 


(Received for publication, March 25, 1957) 


The demonstration that hypoxanthine serves as an obligatory cofactor 
for the oxidation of sulfite by an enzyme preparation from dog liver (1, 2) 
suggested that the possibility that xanthine oxidase might catalyze sulfite 
oxidation should be examined. Although preparations of dog liver ‘‘sulfite 
oxidase”? are devoid of xanthine oxidase activity and although purified 
milk xanthine oxidase cannot catalyze sulfite oxidation under conditions 
suitable for purine and aldehyde oxidation, it has been observed that 
xanthine oxidase can catalyze sulfite oxidation under rather specific con- 
ditions. 

Materials and Methods—The XO! routinely used in these studies was the 
milk enzyme prepared by the Worthington Biochemical Corporation. 
Critical experiments were repeated with a sample of highly purified milk 
XO generously provided by Dr. E. G. Ball and with commercial XO which 
had been further purified by means of a calcium phosphate column (3) 
followed by fractionation with ammoniacal ammonium sulfate (4). We 
are indebted to Dr. D. A. Richert for a sample of purified chicken liver 
XO, to Dr. A. Nason for nitrate reductase, and to Dr. H. Beinert for 
samples of butyryl coenzyme A dehydrogenase, the yellow acyl coenzyme 
A dehydrogenase, and the electron-transferring flavoprotein. 

XO-CN was prepared by incubating XO with 0.01 mM sodium cyanide in 
a phosphate buffer at pH 7.8 for 1 hour at 25°. Pteridy! aldehyde was 


* This work was supported in part by contract No. AT-(40-1)-289 between Duke 
University and the United States Atomic Energy Commission and by grant No. 
RG-91 from the National Institutes of Health. A preliminary report was presented 
at a symposium on metalloflavoproteins at the McCollum-Pratt Institute of Johns 
Hopkins University, Baltimore, June 23, 1955. 

+ The data are taken in part from a dissertation submitted to Duke University by 
Irwin Fridovich in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy. 

Postdoctoral Fellow of the National Heart Institute, National Institutes of 
Health. 

! The following abbreviations are used: XO, xanthine oxidase; XO-CN, eyanide- 
treated xanthine oxidase; DPNH, reduced diphosphopyridine nucleotide; PCMB, 
p-chloromercuribenzoate; pteridyl aldehyde, 2-amino-4-hydroxy-6-pteridyl alde- 
hyde. 
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prepared by hydrolysis of folic acid in sulfurous acid (5). The hydrolysate 
was freed from sulfurous acid 7m vacuo and used as such with no attempt 
to purify the pteridy! aldehyde. Inhibition of XO by pteridyl aldehyde 
was performed by incubating the enzyme at pII 7.8 with 0.1 mg. per ml. 
of hydrolyzed folic acid for 30 minutes at room temperature. Buffers, 
substrates, and analytical procedures have been described previously (2). 
All incubation mixtures containing sulfite also contained 0.01 per cent 
Versene-Fe IIT. 

Aerobic Oxidation of Sulfite by Xanthine Oxidase—XO, per se, did not 
catalyze the oxidation of sulfite. However, when XO was allowed to 


CN” +HpX+S0'3 


HeX +SO% 


N 
S 100- 
2 
20- S03 + CN; CN” + 
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Fic. 1. The effect of hypoxanthine on the oxidation of sulfite by xanthine oxidase. 
Each flask contained 5 mg. of commercial XO and, where so indicated, 2 wmoles of 
hypoxanthine and 20 uwmoles of sulfite. In those instances indicated as CN-, the 
enzyme had been pretreated with cyanide. All components were brought to a final 
volume of 2.2 ml. in 0.05 m potassium phosphate, pH 7.8. 


act on a mixture of sulfite and hypoxanthine, the total oxygen consumption 
exceeded that possible from the oxidation of hypoxanthine to urate and 
could be increased without limit by increasing the amount of sulfite in 
the mixture. Sulfite oxidation, in this system, continued until all of the 
hypoxanthine had been oxidized. Pretreatment of XO with cyanide or 
with pteridyl aldehyde completely inhibited the oxidation of hypoxanthine 
but permitted complete oxidation of sulfite in the presence of entenytte 
amounts of hypoxanthine (Tig. 1). 

The effect of varying the concentration of hypoxanthine on the rate of 
sulfite oxidation by XO-CN was investigated. The data, plotted accord- 
ing to Lineweaver and Burk (6), gave a straight line (Fig. 2) from which a 
K,, of 4.4 X 10-*° m for hypoxanthine was obtained. This agrees well 
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with the value 4.75 K 10-5 m found by Mackler et al. (4) for the oxidation 
of hypoxanthine by XO and suggests that cyanide-treated XO, although 
no longer able to catalyze oxidation of hypoxanthine, binds this purine 
at the same active site and that hypoxanthine, so bound, somehow enables 
the enzyme to catalyze sulfite oxidation. Hypoxanthine could be re- 
placed by xanthine and by 6-mercaptopurine, but inosine, purine, adenine, 
uric acid, acetaldehyde, salicylaldehyde, and DPNH were inert. Hy- 
poxanthine did not permit oxidation of aldehydes by XO-CN. Heating 


.09 


re) 


0 4 1.2 2.0 2.8 3.6 4.4 
HYPOXANTHINE 104 


Fig. 2. Reciprocal plot of the effect of hypoxanthine concentration on the oxida- 
tion of sulfite by cyanide-treated xanthine oxidase. Fach flask contained 5 mg. of 
XO-CN, 20 umoles of sulfite, and the indicated amount of hypoxanthine in a final 
volume of 2.2 ml. of 0.05 m phosphate, pH 7.8. Velocity is expressed as microliters of 
O, consumed in the first 30 minutes. 


to 65° destroyed the ability of XO-CN to catalyze sulfite oxidation in the 
presence of hypoxanthine. 

The possibility that XO-CN retained an undetectably small xanthine 
oxidase activity and that catalysis of sulfite oxidation was due to minute 
amounts of hydrogen peroxide was considered. XMO-CN assayed by 
microspectrophotometric methods (7) was entirely inert towards purine 
substrates. XO-CN was tested for its ability to catalyze sulfite oxidation 
in the presence of added hydrogen peroxide in concentrations from 10~4 
M to 10-§m and was found to be inert. The system, b-amino acid oxidase 
plus pL-alanine, was also inert. Since purine itself is oxidized to urate 
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by milk XO (8), its inability to replace hypoxanthine as cofactor for sulfite 
oxidation by XO-CN demonstrates the completeness of the cyanide inhibi- 
tion of the enzyme and the non-involvement of hydrogen peroxide in this 
process. 

Role of Flavin Motety in Sulfite Oxidation—Whereas the absorption 
of XO at 450 my was partially bleached by added hypoxanthine, that of 
XO-CN was not affected by hypoxanthine, with or without sulfite. Sub- 
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Fic. 3. Stoichiometric relation between hypoxanthine concentration and methy)- 
ene blue reduction by sulfite catalyzed by cyanide-treated xanthine oxidase. Each 
Thunberg tube contained 10 mg. of XO-CN and 0.1 wmole of dye in a final volume of 
8.0 ml. of phosphate buffer, pH 7.8, in the main chamber. The side bulbs contained 
10 wzmoles of sulfite and the indicated amount, in micromoles, of hypoxanthine in 0.5 
ml. Control tubes contained either 10 uwmoles of sulfite or 1.0 umole of hypoxanthine 
in the side bulb. The tubes were alternately evacuated and flushed with N. several 
times before sealing. 


sequent addition of dithionite caused immediate bleaching. These obser- 
vations suggest that the flavin prosthetic group of XO-CN probably is 
not involved in the oxidation of sulfite. 

Anaerobic Oxidation of Sulfite—XO-CN also catalyzed the reduction of 
methylene blue by sulfite and, again, only in the presence of hypoxanthine. 
No reduction occurred when the dye was incubated with XO-CN and 
either hypoxanthine or sulfite separately. However, even in the presence 
of excess sulfite, the amount of dye reduced was stoichiometric with the 
amount of hypoxanthine initially present (Fig. 3). This stoichiometric 
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relationship is identical with that previously observed for the hypoxan- 
thine-dependent reduction of methylene blue by liver “‘sulfite oxidase.” 
Although the mechanism is not clear, it has been found with both xanthine 
oxidase and sulfite oxidase that the stoichiometry, in some manner, reflects 
the properties of the dye, rather than the enzyme. When gallocyanine, 
which exhibits an Ey’ of the same order as that of methylene blue, is used 
in place of the latter, catalytic quantities of hypoxanthine suffice to per- 
mit stoichiometric reduction of the dye by sulfite. 


100 
80 + 
+ CN 
60 + CN +Ho2X 


L.02/20 MINUTES 


7.0 42 1.6 7.8 8.0 8.2 


pH 


Fig. 4. :ffect of pH on the oxidation of sulfite by xanthine oxidase. All the flasks 
contained 20 wmoles of sulfite in a final volume of 2.2 ml. of 0.23 m phosphate at the 
indicated pH. In addition, as indicated, various flasks contained 5 mg. of XO (@), 
5 mg. of XO pretreated with 10 umoles of CN~ (XO-CN) (O), or 5 mg. of XO-CN plus 
1.0 umole of hypoxanthine (A). 


Xanthine was about half as effective as hypoxanthine in this system, 
while purine, urate, acetaldehyde, salicylaldehyde, and DPNH were 
without effect. Hypoxanthine in excess was inhibitory as were xanthine, 
urate, and purine. This inhibition is reminiscent of the inhibition of XO 
by excess purine substrate studied by Hofstee (9). The ability of nitrate 
to act as electron acceptor for the anaerobic oxidation of purine substrates 
by XO has been reported (10). We have repeated this observation and 
found that XO-CN plus hypoxanthine and sulfite was inactive in this 
respect. 

Non-Enzymatic Oxidation of Sulfite-——-When the influence of pH on the 
XO-CN-catalyzed oxidation of sulfite was examined (Fig. 4), it was ob- 
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served that, whereas catalytic amounts of hypoxanthine were absolutely 
required above pH 7.6, in more acid solutions no cofactor was required. 
Moreover, whereas the hypoxanthine-dependent oxidation of sulfite is 
thermolabile, below pH 7.6 in the absence of hypoxanthine, catalysis was 
effected equally well by boiled or ashed XO in the presence of cyanide. 
It should also be noted that XO, native, boiled, or ashed, did not catalyze 
sulfite oxidation in the pH range 6.8 to 7.5 in the absence of cyanide. 
These data suggested that a cyanide complex of one of the metallic 
components of XO might serve as a catalyst for aerobic sulfite oxidation. 


AL. Oe 


MINUTES 


Fia. 5. Catalysis of sulfite oxidationby MoO; andby FeSO,. Each flask contained 
20 umoles of sulfite in a final volume of 2.2 ml. of 0.23 m phosphate, pH 7.0, and one of 
the following: 4.5 K 10-4 m MoO; (@), 4.5 K 10-4 m MoO; plus 0.005 m CN- (®), 
4.5 X 10-4m FeSO, (O), or 4.5 KX 10-4 mM FeSO, plus 0.005 m CN- (0). 


Molybdic trioxide and ferrous sulfate were tested as catalysts of sulfite 
oxidation and were found to mimic the hypoxanthine-independent oxida- 
tion catalyzed by XO-CN. Thus (Tig. 5) the ability of molybdic trioxide 
to catalyze sulfite oxidation at pH 7.0 was absolutely dependent upon 
cyanide while catalysis by iron was markedly enhanced thereby. Both 
metals were catalytically inactive above pH 7.6 with or without cyanide. 
Ammonium molybdate, unlike molybdic trioxide, was inactive. An at- 
tempt was made to remove molybdenum from XO by dialysis against 
ammonia according to Mackler et al. (4) without success. Avis et al. (11) 
have also reported failure to remove molybdenum from XO by this pro- 
cedure. It was, therefore, not possible to decide which of the two metals 
is involved in the oxidation of sulfite by XO-CN. However, in support 
of the concept that the site of primary interaction of sulfite with the en- 
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zyme may be at one of its metal components is the observation that 
sulfite oxidation by both XO-CN plus hypoxanthine at pH 7.8 and by 
XO-CN at pH 7.0 was completely inhibited by 0.02 mM Versene, cysteine, 
or glutathione and by 0.001 mM 8-hydroxyquinoline. None of these reagents 
inhibited the usual oxidation of hypoxanthine by XO. A further indi- 
cation that one of the metals of XO is involved in the enzymatic, hypoxan- 
thine-dependent oxidation of sulfite by XO-CN is the observation that 
XO-CN which has been extensively dialyzed loses much of its ability to 
catalyze sulfite oxidation at pH 7.8 in the presence of hypoxanthine. 
Addition of cyanide to this system caused a 6-fold increase in the rate of 
sulfite oxidation. Cyanide inhibition of purine oxidation by XO is not 
reversible by dialysis (12). It is suggested that this effect of CN~ reflects 
complex formation at the active metal site. XO-CN did not catalyze 
reduction of methylene blue by sulfite in the absence of hypoxanthine at 
any pH nor did either of the metals in the presence of cyanide. 

1 Electron Acceptors—XO was found unable to catalyze the reduction of 
cytochrome c or of ferricyanide by sulfite at pH 7.0 or 7.8 in the presence 
or absence of cyanide. XMO-CN was similarly inactive in the presence or 
absence of hypoxanthine. In view of the implication by Mackler et al. 
(4) that molybdenum is the metal uniquely involved in electron transfer 
from XO to | electron acceptors, it would appear that molybdenum is not 
the ‘“‘metal site’? being reduced by sulfite in the various systems described 
above. Thus, the bound iron may be the site of initial interaction of 
sulfite with XO. In the presence of hypoxanthine an electron transport 
pathway is open to 2 electron acceptors, but in no case is there an open 
pathway to molybdenum and thence to 1 electron acceptors. 

Sulfhydryl Groups and Sulfite Oxidation—The oxidation of hypoxanthine 
by XO has been noted to be inhibited by PCMB (4). Similarly, the oxi- 
dation of sulfite by XO-CN plus hypoxanthine is sensitive to sulfhydryl 
reagents. Thus, 5 X 10-4 m PCMB and 2 X 10-* o arsenite caused 50 
and 70 per cent inhibitions, respectively. 

In addition to the metal complex-forming and sulfhydryl reagents al- 
ready discussed, the effects of several other reagents were examined. 
Thiosulfate did not affect the oxidation of sulfite by XO-CN plus hypoxan- 
thine at levels which strongly inhibited sulfite oxidation by dog liver 
preparations (13). Quinacrine at 10-* m caused 80 per cent inhibition of 
sulfite oxidation by the xanthine oxidase system. Hydroxylamine at 
9 X 10-4 o effected 61 per cent inhibition and at 9 X 10-° M a 26 per 
cent inhibition of sulfite oxidation by XO-CN and hypoxanthine. 2,4- 
Dinitrophenol at 2.5 K 10-4 Mm effected an 80 per cent inhibition of methyl- 
ene blue reduction by XO-CN and hypoxanthine plus SO;-. The dye 
reduction system was also sensitive to 6-pteridyl aldehyde. 

Catalysis of sulfite oxidation is not a property common to all metallo- 
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flavoproteins. Nitrate reductase plus or minus nitrate, nitrite, or hy- 
poxanthine did not catalyze sulfite oxidation, nor did butyryl coenzyme A 
dehydrogenase, the yellow acyl coenzyme A dehydrogenase, or the electron- 
transferring flavoprotein. 


DISCUSSION 


The aerobic oxidation of sulfite in aqueous solutions has long been 
known to proceed by means of free radical chains initiated by the removal 
of 1 electron from sulfite by cationic catalysts (14). Such a chain reaction 
is probably operative in the aerobic systems described above. The chemi- 
cal reduction of cytochrome c by sulfite as observed spectrophotometrically 
is a very slow process, Whereas cytochrome c under identical conditions in 
a microrespirometer caused a rapid aerobic oxidation of sulfite. The 
rate of measured oxygen uptake was several hundred-fold greater than 
the rate of cytochrome c reduction, and ferrocytochrome c at pH 7.6 is 
not autoxidizable, nor did ferrocytochrome c catalyze aerobic oxidation 
of sulfite. The great rapidity of oxygen uptake (Fig. 1), as compared to 
dye reduction (Fig. 3) with XO-CN, hypoxanthine, and sulfite, is probably 
another reflection of this chain mechanism. The chain length obtained 
from the ratio of aerobic to anaerobic rates of sulfite oxidation is approxi- 
mately 200 sulfite units. The existence of this free radical chain mecha- 
nism for the aerobic oxidation of sulfite is convenient in that it serves to 
magnify the initial event by a factor of 200 and thus render the manometric 
assay as sensitive as the spectrophotometric dye reduction assay. It was 
thus possible to chance upon the initial observation of hypoxanthine- 
dependent sulfite oxidation catalyzed by xanthine oxidase, in the mano- 
metric assay then being used. 

Xanthine oxidase, molybdic trioxide, or ferrous sulfate in the presence 
of cyanide all catalyzed aerobic sulfite oxidation at pH 7.0 but were unable 
to catalyze methylene blue reduction which proceeded in the enzymatic 
system only in the presence of hypoxanthine. In view of the sensitivity 
of all these sulfite-oxidizing systems to metal-chelating agents it appears 
that, although the initial event in the enzymatic and non-enzymatic 
processes may be identical, viz. transfer of an electron from sulfite to a 
metal, only in the hypoxanthine-containing enzymatic system can transfer 
of electrons to methylene blue be accomplished. ‘This suggests an electron 
transport role for the hypoxanthine which may bridge a gap somewhere 
in the electron transport sequence of the enzyme from metal to terminal 
acceptor. The inability of XO-CN to catalyze cytochrome c reduction 
by sulfite leads to the postulate that the iron rather than the molybdenum 
moiety is the site of initial interaction of sulfite with the enzyme. 

The aerobic oxidation of sulfite by XO-CN in solutions more alkaline 
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than pH 7.6 exhibited an absolute dependence upon catalytic levels of 
hypoxanthine. The situation here is analogous to that in the anaerobic 
assay except that each initial interaction of sulfite with enzyme-bound 
metal is magnified in terms of oxygen uptake by the free radical chain 
mechanism. The A,, for hypoxanthine, acting as cofactor to sulfite oxida- 
tion by XO-CN, is the same as that for hypoxanthine acting as substrate 
for xanthine oxidase. Its cofactor activity was inhibited by PCMB, 
quinacrine, hydroxylamine, pteridyl aldehyde, adenine, and uric acid, all 
of which inhibit purine oxidation by xanthine oxidase. Yet NO-CN was 
devoid of purine-oxidizing activity. It appears, therefore, that xanthine 
oxidase, when completely inhibited by cyanide, is nevertheless able to 
bind hypoxanthine, that this binding probably occurs at the same site as 
that involved in the usual oxidation of hypoxanthine by enzyme in the 
absgnce of cyanide, and that this bound hypoxanthine is necessary for the 
reoxidation of the sulfite-reduced metal site. In solutions acid to pH 
7.6, the metal sites appear to be spontaneously autoxidizable and therefore 
no hypoxanthine dependence is observed. The exact mechanism of the 
postulated electron transport function of hypoxanthine is presently un- 
known. 


SUMMARY 


In solutions alkaline to pH 7.6, cyanide-treated xanthine oxidase cata- 
lyzes the reduction both of oxygen and of dyes by sulfite, but only in the 
presence of hypoxanthine. This activity of the enzyme is thermolabile. 
In solutions acid to pH 7.6, and in the presence of cyanide, aerobic sulfite 
oxidation is catalyzed equally well by boiled or native xanthine oxidase. 
Hypoxanthine is not required in this system and dye reduction does not 
occur. Both the enzymatic (hypoxanthine-requiring) and the non-enzy- 
matic (hypoxanthine-independent) processes are inhibited by chelating 
agents. The cyanide-treated enzyme is completely unable to catalyze 
hypoxanthine oxidation and p-amino acid oxidase plus DL-alanine does 
not catalyze sulfite oxidation. The data are consistent with the hypoth- 
esis that the initial interaction of sulfite and enzyme takes place at a 
metal site and that hypoxanthine is required to mediate electron transfer 
to terminal acceptors in the enzymatic system. In solutions acid to pH 
7.6, and in the presence of cyanide, the reduced metal site is directly 
reoxidized by oxygen. 
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By I. ARTHUR MIRSKY ano GLADYS PERISUTTI 


(From the Department of Clinical Science, University of Pittsburgh, 
School of Medicine, Pittsburgh, Pennsylvania) 


(Received for publication, February 12, 1957) 


Insulin is inactivated and destroyed by extracts, homogenates, and slices 
of liver and other tissues (1-4) as well as by the intact animal (5). This 
destruction is attributed to the action of an enzyme system, tentatively 
designated as insulinase, which catalyzes the hydrolysis of insulin (1, 6). 
The fact that tissues like brain and erythrocytes, which are rich in pro- 
teinases and peptidases, are poor in insulinase activity suggested that the 
latter may be relatively specific (7). In accord was the demonstration 
that, long after the insulinase activity of an aged liver extract had been 
lost, the catheptic activity of the extract persisted (7). 

More definitive data on the relative specificity of insulinase was ob- 
tained from studies on the comparison of the effect of a liver extract on 
I'3!_labeled insulin with the effect on similarly labeled ribonuclease, pepsin, 
prolactin, lysozyme, chymotrypsin, and human serum albumin. Whereas 
there was no significant effect of the extract on the labeled lysozyme, 
chymotrypsin, and human serum albumin, an appreciable degradation of 
labeled ribonuclease, pepsin, and, to a lesser degree, prolactin occurred 
under the conditions which yielded maximal degradation of insulin (6). 
Studies on the effect of different concentrations of these proteins on the 
velocity of their degradation by a liver extract indicated that the system 
responsible for the destruction of insulin is different from that responsible 
for the destruction of the other proteins. IT urther evidence of the relative 
specificity of the system responsible for the destruction of insulin was 
gained from studies which revealed that the addition of the above proteins 
to the incubation mixture containing labeled insulin did not influence the 
degradation of various concentrations of insulin (6). 

Although Tomizawa and Williams (3) have obtained similar data and 
concede that the insulin-inactivating system of the liver has some degree 
of specificity, they state that ‘it would be judicious to avoid using the 
term ‘insulinase.’’’ This caution is derived from their observations that 
the addition of various proteins to the incubation mixture of a liver extract 
and labeled insulin results in a diminution in the percentage of the radio- 


* This investigation was supported by a grant from the United States Public 
Health Service (No. A-1409). 
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activity which appears in the trichloroacetic acid-soluble fraction. Thus, 
whereas human serum albumin, bovine plasma albumin, a-lactalbumin, 
and ribonuclease did not influence the percentage of the radioactivity of 


the trichloroacetic acid-soluble fraction, casein, a-corticotropin, trichloro- } 


acetate, glucagon, and growth hormone decreased the rate of insulin degra- 
dation. 

The hydrolysates of a fairly large number of proteins can inhibit the 
destruction of insulin zn vitro and in vivo (8). Since some of the proteins 
which are alleged to compete with insulin are rapidly destroyed by homog- 
enates of liver (9-11), it is quite possible that the observations of Tomi- 
zawa and Williams are due to an inhibition of insulin destruction by hy- 
drolytic products rather than to substrate competition. Accordingly, it 
was deemed pertinent to determine whether the aforementioned proteins 
are degraded by extracts which destroy insulin and, if that be the case, 
whether the system responsible for the destruction of insulin differs from 


the system (or systems) responsible for the destruction of the other pro- | 


teins. 
Methods 


Extracts of livers from fed, male Carworth rats were prepared as de- 
scribed previously (6). The action of each extract on the degradation of 


I'*!-labeled crystalline insulin, glucagon, crystalline ribonuclease, cortico- 
tropin, and growth hormone was determined. All the proteins! were la- — 


beled by a procedure which is essentially similar to that described by 
Talmage, Dixon, Bukantz, and Dammin (12). Unless otherwise stated, 


the incubation mixture consisted of 1 ml. of extract plus 1 ml. of Sérensen’s | 


M/15 phosphate buffer (13) containing 1 mg. of a mixture of I'*!-labeled 
and unlabeled protein. As a control, 1 ml. of boiled homogenate plus | 


ml. of buffer containing a similar quantity of the I'*!-labeled and unlabeled | 
protein was incubated at the same time. At the end of the incubation | 


period of 30 minutes at 37° and pH 7.8, 2 ml. of 10 per cent trichloroacetic 
acid were added to the incubation mixture. The quantity of protein 
degraded by the extracts was computed as previously described (6) from 
the percentage of the total radioactivity which appeared in the trichloro- 
acetic acid filtrate. The difference between the unboiled and boiled ex- 
tracts represents the quantity of protein degraded by the heat-labile sys- 
tem. 


After determining the quantity of each protein that was hydrolyzed, the | 


1 We are indebted to Dr. W. R. Kirtley of Eli Lilly and Company for supplies of — 
erystalline insulin and glucagon, to Dr. C. J. O’Donovan of The Upjohn Company . 
for adrenocorticotropin, and to Dr. Irby Bunding of the Armour Laboratories for © 


growth hormone. 
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fresh extract was permitted to age for 44 hours at 5° and its activity on 
the degradation of the same quantities of protein was determined again. 
The relative activity of the aged extract was expressed in terms of the 
activity of the fresh extract. Similar experiments were performed with 
extracts which were dialyzed against distilled water for 5.5 hours at 5°. 

In addition to the above, a comparison was made between the activity 
of fresh extracts incubated with the labeled proteins dissolved in Séren- 
sen’s phosphate buffer and in MaclIlvaine’s citrate-phosphate buffer (14). 


Results 


The action of eight fresh extracts of rat livers on the degradation of 
various labeled proteins is illustrated in Fig. 1, where the rates of degrada- 
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Fig. 1. The degradation of various I'*!-labeled proteins by liver extracts. The 
rates of degradation of the proteins are derived from the per cent of trichloroacetic 
acid-soluble, I'3!-labeled fragments and are expressed in terms of that of insulin and 
depicted as the mean + standard error. ACTH = adrenocorticotropin. 


tion are expressed as the per cent of the degradation of insulin. It Is ap- 
parent that extracts which catalyze the destruction of insulin are capable 
also of catalyzing the degradation of other proteins under identical con- 
ditions. Thus, by expressing the rate of insulin destruction by each 
extract as 100, the mean (+ standard error) rates for casein, ribonuclease, 
growth hormone, corticotropin, and glucagon are 27.0 + 4.3, 45.9 + 5.7, 
47.9 + 4.9, 84.4 + 16.3, and 316.5 + 39.6, respectively. 

The effect of aging of eight rat liver extracts on the degradation of the 
labeled proteins is depicted in Vig. 2, where the activity of each fresh ex- 
tract on each protein is expressed as 100 per cent. It is apparent that, 
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Fiac. 2. The effect of aging of liver extracts on the degradation of various I'!- 
labeled proteins. The activity of each extract before aging (crosshatched bars) is 
expressed as 100 per cent and the activity of aging (stippled bars) is expressed as 
the mean (+ standard error) per cent of the former. 
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Fic. 3. The effect of dialysis of liver extracts on the degradation of various I'*!- 
labeled proteins. The activity of each extract before dialysis (crosshatched bars) 


is expressed as 100 per cent and the activity after dialysis (stippled bars) is expressed 
as the mean (+ standard error) per cent of the former. 


whereas the activity of the extracts on the degradation of insulin is mark- 


edly reduced after 44 hours of aging (? <0.001), there is no statistically | 


significant decrease in the activity of the same aged extracts on the degra- 
dation of the other proteins (P >0.05). 
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The effect of a 5.5 hour period of dialysis of fresh liver extracts on the 
degradation of the various proteins is depicted in Fig. 3. As with aged 
extracts, the activity of dialyzed extracts on the degradation of insulin is 
markedly reduced (P <0.001). The same treatment, however, does not 
produce a statistically significant effect on the action of the extracts on 
the degradation of the other proteins. 

The observation that citrate enhances the activity of a liver extract on 
the degradation of insulin? led to studies on the effect of the incubation cof 
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Fig. 4. Effect of citrate ions on the degradation of various I'*!-labeled proteins 
by liver extracts. The activity of each extract incubated with phosphate buffer 
(crosshatched bars) is expressed as 100 per cent, and the activity of the same extracts 
incubated with MaclIlvaine’s buffer (stippled bars) is expressed as the mean (+ 
standard error) per cent of the former. 


the extract with the proteins dissolved in MaclIlvaine’s citrate-phosphate 
buffer. The data illustrated in Fig. 4 reveal that, whereas the presence 
of citrate produces a marked increase in the activity of liver extracts on 
the degradation of insulin, there is no significant change in the rates of 
degradation of the other proteins. 


DISCUSSION 


The degradation of I'*!-labeled insulin by liver extracts is associated 
with a concomitant hydrolysis of the molecule (6) and the destruction of 
its hypoglycemic action (15, 16). Likewise, the degradation of I'*!-labeled 
glucagon is associated with hydrolysis of the molecule (16, 17) and the 


2 We are indebted to Dr. Neil C. Davis for this observation. 
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loss of its hyperglycemic activity (10, 11, 16, 17). Further, the incubation 
of adrenocorticotropin with liver homogenates results in the destruction 
of its biological activity (9). Accordingly, the degradation of labeled 
growth hormone, corticotropin, and ribonuclease by liver extracts may 
also reflect the hydrolysis of these proteins and the destruction of their 
biological activities. However, the relative rates at which the various 
proteins are hydrolyzed and inactivated by the liver extracts are not 
necessarily related to the rates at which the labeled fragments are released 
from the labeled proteins. 

That the system (or systems) responsible for the degradation of growth 
hormone, glucagon, corticotropin, ribonuclease, and casein is different 
from that responsible for the degradation of insulin is indicated by the 
demonstration that, while the degradation of insulin is markedly dimin- 
ished when extracts are aged or dialyzed, the degradation of the other 
proteins is not changed significantly. Iurther, whereas the degradation 
of insulin is increased in the presence of citrate, there is no significant effect 
on the degradation of the other proteins. In accord is the report of Sne- 
decor and MacGrath (10) on the preparation of a glucagon-inactivating 
extract of liver, which is relatively impotent in the inactivation of insulin, 
and Kenny’s observation that dialysis does not affect the glucagon-inac- 
tivating properties of rat liver extracts (11). 

5 hour acid hydrolysates of insulin, glucagon, corticotropin, growth 
hormone, ribonuclease, and casein contain peptides which can inhibit the 
destruction of insulin by liver extracts (12). Since these proteins are 
destroyed by liver extracts, it is quite probable that their hydrolytic prod- 
ucts, like those of acid hydrolysates, can act as inhibitors of insulinase. 
Accordingly, the observation of Tomizawa and Williams (3) that the 
degradation of insulin is inhibited in the presence of the above proteins 
may not be due to a competition between insulin and the protein for the 
enzyme system but to an inhibition of insulinase by some hydrolytic prod- 
uct of the added protein. The competitive nature of the inhibition may 
be due to a competition between insulin and the hydrolytic product. 

The above and previous observations (1, 6, 7) support the hypothesis 
that the system responsible for the inactivation and destruction of insulin 
is relatively specific. ‘The determination of absolute specificity, however, 
must await crystallization of the enzyme and the determination of the 
precise linkages in the insulin molecule that are ruptured. Until such 
time, it appears quite appropriate to refer to the system responsible for 
the destruction of insulin as insulinase. 


SUMMARY 


oxtracts of rat liver, which catalyze the degradation of insulin, catalyze 
also the degradation of casein, ribonuclease, corticotropin, growth hor- 
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mone, and glucagon under identical conditions. The relative specificity 
of the system responsible for the destruction of insulin (insulinase) is indi- 
cated by the demonstration that, whereas aging and dialysis decrease and 
the presence of citrate ions increases the activity of liver extracts on the 
degradation of insulin, such measures do not influence the degradation of 
the other proteins. | 
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THE STEREOSPECIFICITY OF ENZYMATIC HYDROGEN 
TRANSFER FROM DIPHOSPHOPYRIDINE 
NUCLEOTIDE* 


By H. RICHARD LEVYf ano BIRGIT VENNESLAND 
(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, March 1, 1957) 


In a previous series of papers (1-6), evidence was presented that en- 
zyme reactions involving oxidation-reductions between DPN! and various 
alcohols and aldehydes proceed with direct transfer of hydrogen, and that 
the transfer is stereospecific for the nicotinamide ring of the DPN. The 
side of the ring used by yeast alcohol dehydrogenase has been named a, 
and the other side 6. ‘The majority of the dehydrogenases tested appear 
to be quite specific for one side or the other. The question then arose 
whether it would be possible to correlate this type of stereospecificity with 
any other property of the enzyme reaction. With this purpose in mind, 
the examination of stereospecificity has been extended to a number of 
other dehydrogenases not previously investigated. These include alcohol 
and aldehyde dehydrogenase from liver, glutamic dehydrogenase, also 
from liver, and a-glycerophosphate dehydrogenase from muscle. With 
all but the last of these enzymes, the direct transfer of hydrogen has also 
been demonstrated in the present experiments. 


Materials and Methods 


Enzymes—Crystalline preparations of a-glycerophosphate dehydrogenase 
from muscle and glutamic dehydrogenase from liver were purchased from 
| C. F. Boehringer und Soehne (Mannheim, Western Germany) and obtained 
| in the form of suspensions under (NH4)2SO, solution, as described in their 
August, 1955, catalogue. 


* This investigation was supported in part by research grants from the National 
Science Foundation, from the National Institutes of Health, United States Public 
Health Service, and from the Dr. Wallace C. and Clara A. Abbott Memorial Fund of 
the University of Chicago. 

t Present address, the Ben May Laboratory for Cancer Research, University of 
Chicago. 

1DPN represents diphosphopyridine nucleotide; DPN*, specifically oxidized 
DPN; DPNH, reduced DPN; TDH, triosephosphate dehydrogenase. The abbre- 
viation DPND is used to represent reduced diphosphopyridine nucleotide contain- 
ing D in the reduced or para position of the nicotinamide ring; a-DPND represents 
the stereoisomer of DPND obtained by reduction of DPN* with ethanol-1,1-Dz in 
the presence of yeast alcohol dehydrogenase; 8B-DPND will then represent the other 
diastereomer of DPND._ Tris represents tris(hydroxymethyl)aminomethane. 
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Liver alcohol dehydrogenase was prepared from horse liver by the 
method of Bonnichsen and Brink (7, 8). The procedure was carried 
through the ethanol-chloroform treatment. Then the solution of enzyme 
was reduced to 0.5 volume by lyophilization and dialyzed against 0.01 m 
phosphate buffer of pH 7 for 24 hours. The enzyme activity was assayed 
under the conditions used for the large scale experiment below. Under 
these conditions 0.8 umole of DPN was reduced per minute per ml. of 
enzyme preparation. 

Acetaldehyde dehydrogenase was prepared from beef liver by the method 
of Racker (9, 10), the procedure being followed only up to the nucleic 
acid-protamine treatment. The preparation contained 3600 units of 
acetaldehyde dehydrogenase per ml. with a specific activity of 93 units 
per mg. of protein. This preparation, when freshly made, showed con- 
siderable alcohol dehydrogenase activity also, but this activity decreased 
upon storage, and tests made just before use of the enzyme in the large 
scale experiment showed only a relatively small amount of alcohol dehy- 
drogenase activity. With ethanol substituted for acetaldehyde, under 
the conditions of the large scale experiment, 0.03 umole of DPN was 
reduced per minute per ml. of enzyme. With acetaldehyde as substrate, 
1.7 umoles of DPN were reduced under these conditions. 

Yeast alcohol dehydrogenase was obtained from the Nutritional Bio- 


chemicals Corporation. Aldolase, lactic dehydrogenase, and DP Nase were 


the same as those previously described (6). 

Chemicals—DPN+ was obtained from the Pabst Laboratories, and 
L-glutamic acid and a-ketoglutaric acid from the Nutritional Biochemicals 
Corporation. Isopropyl alcohol was purified by the method of Gilson (11). 
All other special reagents and chemicals have been previously described. 
These include CH;CD.OH (1, 12), CH;CDO (12, 13), a-DPND (14), 
B-DPND (5), and nicotinamide-4-d-DPN* (15, 5). 

Procedures—All analytical procedures and methods not described in 
detail below were carried out as previously described. These include 
analyses for DPN+ and DPNH (1) and for deuterium (1, 12), and the 
separation and analysis of nicotinamide and phenacyl] lactate after oxida- 
tion of reduced DPN by pyruvate in the presence of lactic dehydrogenase 


(5). 
Procedures and Results 


There is a variety of procedures whereby deuterium can be used to 
determine hydrogen transfer and steric specificity in DPN-linked dehy- 
drogenase reactions. Convenience determined the choice of method used 
with each of the enzymes studied in the present investigation. All of the 
various procedures have been applied previously to other enzymes and 
found to give internally consistent results. 
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The alcohol and acetaldehyde dehydrogenases from liver were studied 
by using the deuterated substrates to reduce DPN to DPND. The 
steric position of the deuterium in the DPND was determined by enzy- 
matic reoxidation of the DPND with pyruvate. This procedure transfers 
all deuterium in the a position to lactate, which is isolated and analyzed 
as phenacyl lactate. If the deuterium is 8, it remains in the DPN+ formed 
upon oxidation by pyruvate. ‘This deuterium in the @ position is measured 
by hydrolyzing the DPN*+ to nicotinamide, which is analyzed for deu- 
terium. Both the phenacyl lactate and the nicotinamide are diluted 
with a sufficient quantity of unlabeled compound to bring the deuterium 
content within the range most suitable for analysis. 

Liver Acetaldehyde Dehydrogenase—The procedure and results obtained 
with liver acetaldehyde dehydrogenase are summarized in Equations 1 to 


3. 

(1) CH;CDO (1.0) + DPN* — CH;COO- + DPND 

(2) DPND + pyruvate — lactate (0.55, 0.65) + DPN* 

(3) DPN* — nicotinamide (0.15, 0.20) + adenosinediphosphate ribose 


In all the equations, the figures in parentheses represent atom of D 
per molecule of the compounds which were analyzed for deuterium. The 
details of the deuterium analyses are given in Table I for these and all 
the other experiments herein described. The italicized data were all 
obtained in the present experiments. The figures not italicized were all 
taken from data which have been published previously. 

Two separate but similar experiments were carried out with liver acet- 
aldehyde dehydrogenase. ‘These experiments differed only in the amounts 
of the various reagents employed and in the dilutions used in preparing 
compounds for deuterium analysis. The reduction of DPN+ by CH;CDO 
(Equation 1) was carried out in 0.06 mM pyrophosphate buffer at pH 9.3. 
The second experiment, for which the more accurate analyses were ob- 
tained, involved the use of 39 ml. of reaction mixture containing 130 
umoles of DPN+, 1.3 mmoles of freshly distilled CH;CDO, and 8.0 ml. 
of the enzyme preparation described above. The reaction was initiated 
by addition of the enzyme, and the incubation was continued at room 
temperature for 35 minutes, at which time about 90 per cent of the DPN* 
had been reduced. The reaction was terminated by heat inactivation of 
the enzyme. The reduced DPN was reoxidized by addition of pyruvate 
and lactic dehydrogenase (Equation 2), and the lactate, isolated and 
analyzed as the phenacyl derivative, was found to contain 0.65 atom of D 
per molecule, whereas the nicotinamide from the DPN*+ (Equation 3) 
contained only 0.2 atom of D per molecule. These results show that 
there is a direct transfer of hydrogen from acetaldehyde to DPN and that 
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most of the transferred hydrogen goes to the a position. However, the 
results deviate significantly from the theoretical values (1.0 atom of D per 
molecule of lactate, no excess D per molecule of nicotinamide) expected 
if both transfer and steric specificity were complete. This deviation 
does not necessarily indicate that the acetaldehyde dehydrogenase itself 
causes measurable hydrogen exchange or proceeds without complete steric 
specificity for DPN. The enzyme preparation used was not highly 


TABLE I 
Deuterium Analyses 
ie Atom D per molecule 
Compound analyzed Atom nsticent,| Dilution 
Found Corrected 
2 Lactate (as phenacyl ester) 0.383* 11.9 0.55 
0.093 58.4 0.65 
3 Nicotinamide 0.167 13.8 0.14 0.157 
0.281 10.8 0.18 0.20f 
5 Lactate (as phenacyl ester) 0.272 25.8 0.84} 
6 Nicotinamide 0.171 9.20 0.09 0.107 
8 - 0.973* 11.7 0.68 0.80§ 
i) DPN? (as nicotinamide) 0.033 94.8 0.19 
10 Glutamie acid 0.077 27.7 0.19 
13 Nicotinamide 0.227 64.8 0.88 1.03§ 
14 DPN? (as nicotinamide) 0.0615 157 0.58 
15 Lactate (as phenacyl ester) 0.003 41.9 0.015 


* Above the range for which the mass spectrometer analyses were calibrated. 

+ Corrected for incomplete reduction of DPN* in the appropriate reactions. Cal- 
culations based on amounts of DPN* and DPNH found, by enzymatic analyses, 
before and after reactions represented by Equations 1 and 2, and 4 and 5. 

t This value is inaccurate because of discrepancies in the lactate analyses. 

§ Corrected for the presence of DPN* in the a-DPND (14). 


purified, and a variety of side reactions might account for the results. 
One possibility is the presence of a second enzyme which catalyzes the 
reduction of DPN+ by acetaldehyde but causes exchange of hydrogen 
with H+ of the medium and is not stereospecific for DPN. 

Liver Alcohol Dehydrogenase—The procedure and results obtained with 
liver alcohol dehydrogenase are summarized in Equations 4 to 6. 


(4) CH;CD.OH (2.0) + DPN*+ — CH;CDO + DPND 
(5) DPND + pyruvate — lactate (0.84) + DPN* 
(6) DPN*t — nicotinamide (0.10) + adenosinediphosphate ribose 


The reduction of DPN+ by CH;CD.OH (Equation 4) was carried out in 
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1e Tris buffer of pH 9.3. <A total of 20 ml. of the crude enzyme preparation 
Pr was used. In addition, the reaction mixture contained 180 yumoles of 
d DPN? and 1 ml. of CH;CD.OH in a total volume of 33 ml. The incuba- 
mn tion was continued at room temperature for 30 minutes, at which time 
li 90 per cent of the DPN* had been reduced. As shown in Equation 5, the 
ic DPND formed transferred 0.84 atom of D to lactate, and only 0.1 atom 
y of D was retained in the nicotinamide (Equation 6). These results show 


that this enzyme also causes direct transfer of hydrogen with a stereospeci- 
ficity for DPN. 

Glutamic Dehydrogenase—The procedure applied to glutamic dehy- 
: drogenase involved reduction of a-ketoglutarate and ammonia by labeled 
-- reduced DPN. One experiment was performed with a-DPND, and an- 
i other with B-DPND, in order to determine whether the deuterium in 
either of these substances was transferred to the glutamate which is formed 
when a-ketoglutarate and ammonia are reduced in the glutamic dehy- 
drogenase reaction. The procedure and results of the experiment with 
a-DPND are outlined in Equations 7 and 8. 


(7) a-Ketoglutarate + NH,* + a-DPND (0.92) — glutamate + DPN* 
(8) DPN* — nicotinamide (0.80) + adenosinediphosphate ribose 


The a-DPND used to reduce a-ketoglutarate (Equation 7) was prepared 
by reducing DPNt with CH;CD.OH in the presence of yeast alcohol 
dehydrogenase, and the analytical data on this material have been pre- 
. viously described (14). The reduction of a-ketoglutarate was carried 
% out in 15 ml. of 0.05 m phosphate buffer of pH 7. The reaction mixture 
contained 129 ywmoles of the a-DPND, 165 umoles of a-ketoglutarate, 
2.25 mmoles of NH,Cl, and 0.5 ml. of the glutamic dehydrogenase suspen- 
sion (in 0.4 saturated ammonium sulfate solution). After 15 minutes, 
when the DPND was completely oxidized, the enzyme was inactivated 
by being heated. The hydrolysis of DPN+ was then carried out with 
“ added DPNase (Equation 8), 147 mg. of unlabeled nicotinamide were 
. added as diluent, and the nicotinamide was isolated and analyzed for 
deuterium (Table I). The value of 0.8 atom of D per molecule of nico- 
tinamide showed clearly that most of the deuterium of the a-DPND was 
, retained in the nicotinamide moiety of the oxidized DPN. This indicates 
that the glutamic dehydrogenase has 8 specificity for DPN. 

To verify the conclusion that the steric specificity was 6, and to deter- 
mine whether the enzyme reaction involves direct transfer of hydrogen, 
a second experiment was performed with 8B-DPND instead of a-DPND. 
In this experiment, the 8B-DPND was formed from nicotinamide-4-d-DPN* 
} prepared according to the procedure of San Pietro (15). This material, 
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which contained 0.19 atom of D per molecule, was reduced with alcohol 
and yeast alcohol dehydrogenase to give B-DPND as shown in Equation 
9. In this manner, 51.7 umoles of B-DPND were generated in 5 ml. of a 
solution containing 0.05 mM Tris of pH 9.0, 0.3 ml. of ethanol, and 0.4 ml. 
of yeast alcohol dehydrogenase suspension. The alcohol dehydrogenase 
was inactivated by heat, and the 6B-DPND was reoxidized (Equation 10) 
by addition of 1 ml. of 0.167 M a-ketoglutarate, 0.4 ml. of 3m NH,Cl, and 
0.5 ml. of glutamic dehydrogenase suspension. After 18 minutes, when 


(9) CH;CH-OH + nicotinamide-4-d-DPN* (0.19) — CH;CHO + B-DPND 
(10) a-Ketoglutarate + NH,* + B-DPND — glutamate (0.19) + DPN* 


the oxidation of the B-DPND was complete, the enzyme was heat-inacti- 
vated. Then 202 mg. of unlabeled L-glutamic acid were added as diluent, 
the pH was adjusted to 3.1, and the solution was concentrated in vacuo 
to about 5 ml., filtered, and placed in the ice box. The glutamic acid 
which crystallized from this solution was collected, recrystallized from 
water, washed with cold water, ethanol, and ether, dried, and analyzed 
for deuterium (Table I). The results showed that the glutamate had the 
same deuterium content as the B-DPND. Clearly, the reaction catalyzed 
by glutamic dehydrogenase involves direct transfer of hydrogen from the 
8 side of the nicotinamide ring of DPN. 

a-Glycerophosphate Dehydrogenase—The steric specificity of the a- 
glycerophosphate dehydrogenase reaction for DPN was determined by 
oxidizing a-DPND with dihydroxyacetone phosphate and determining the 
deuterium content of the nicotinamide moiety of the oxidizing DPN formed 
in the reaction. The dihydroxyacetone phosphate was not added as such 
but was generated from hexose diphosphate by the action of muscle al- 
dolase as previously described (6). The reaction sequence and the results 
are shown in Equations 11 to 13. The a-DPND was the same as that 
employed in Equation 7 with glutamic dehydrogenase. 


(11) Hexose diphosphate — 
3-phosphoglyceraldehyde + dihydroxyacetone phosphate 
(12) Dihydroxyacetone phosphate + a-DPND (0.92) — 
a-glycerophosphate + DPN* 


(13) DPN* — nicotinamide (1.03) + adenosinediphosphate ribose 


The reaction mixture contained 0.05 m Tris, 0.045 m hexose diphosphate, 
aldolase, 144 wmoles of a-~-DPND, and 0.2 ml. of the a-glycerophosphate 
dehydrogenase suspension in a total volume of 10 ml. After the a-DPND 
had been completely oxidized, the enzyme was heat-inactivated and the 
DPN hydrolyzed to nicotinamide in the same manner as previously de- 
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| scribed. Deuterium analyses (Table I) showed that the oxidation of 
n a-DPND in the a-glycerophosphate dehydrogenase reaction proceeded 
a with complete retention of deuterium in the DPN. This shows that the 


. enzyme reaction involves removal of hydrogen from the 8 side of the 
nicotinamide ring of DPN. No attempt was made to demonstrate the 


) direct transfer of hydrogen in this enzyme reaction. 
d Action of Yeast Alcohol Dehydrogenase with Isopropyl Alcohol——-The 
n action of yeast aleohol dehydrogenase on its natural substrate, ethanol, has 


been studied previously (1). In connection with another problem (13), the 
question arose whether the reactions with the various alcohols on which the 
enzyme acts all proceed with the same steric specificity for DPN. An 
experiment was therefore performed with isopropyl alcohol, instead of 
| ethanol, as substrate. In this experiment, nicotinamide-4-d-DPN*, pre- 
| pared by the procedure of San Pietro (15), was reduced by isopropyl 
| alcohol in the presence of the enzyme. The reduced DPN was then 
oxidized by pyruvate in the presence of lactic dehydrogenase, and the 
lactate was isolated and analyzed for deuterium in the usual fashion. 
The reaction sequence and the results are shown in Equations 14 and 15. 
The reaction mixture contained 0.7 m Tris of final pH 9.5, 2 mg. of the 
tetrasodium salt of ethylenediaminetetraacetic acid, 41 umoles of nicotin- 
amide-4-d-DPNt, and 0.4 ml. of isopropyl alcohol, in a volume of 5 ml. 
The reaction was initiated by the addition of 0.1 ml. of yeast alcohol 
dehydrogenase suspension, and the enzyme was heat-inactivated after 
20 minutes, when 90 per cent of the added DPN had been reduced. Re- 


(14) Isopropyl alcohol + nicolinamide-4-d-DPN* (0.58) — acetone + DPND 
(15) DPND + pyruvate — lactate (0.01) + DPN* 


oxidation by pyruvate and isolation and analysis of lactate were carried 
out as previously described. The excess deuterium content of the lactate 
was negligible. This shows that isopropyl alcohol uses the a@ side of the 
nicotinamide ring of DPN, just as does ethanol. 


DISCUSSION 


The purpose of the experiments described in the present investigation 
was to seek some clue to the possible significance of the steric specificity for 
DPN of different DPN-dehydrogenase reactions. With this objective in 
mind, we felt that examination of a wider variety of enzymes was more 
important than achievement of maximal quantitative accuracy for any 
particular enzyme. ‘Table II presents a summary of the information now 
available regarding the steric specificity for DPN of all the various DPN 
dehydrogenase reactions hitherto tested. It includes observations made 
in other laboratories as well as previous and present work of our own 
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laboratory, and is not limited to enzymes which cause direct transfer of 
hydrogen. With the information in Table II before us, we may inquire 
first whether there is some chemical property or structural feature of the 
substrate which can be correlated with a particular steric specificity for 
DPN. We have been unable to detect such a correlation, but it is difh- 
cult to exclude the possibility with certainty. 

Second, could the steric specificity for DPN be correlated in any way 
with the magnitude of the dissociation constants of the enzyme-DPN or 
enzyme-substrate complexes, or with any other kinetic or chemical char- 


TaBLe II 
Steric Specificity for DPN 


Dehydrogenase Source Steric specificity 
Alcohol (with ethanol) Yeast, Pseudomonas, liver, wheat a 
germ 

- (with isopropyl alcohol) | Yeast 
Acetaldehyde Liver 
L-Lactate Heart muscle 
L-Malate Pig heart, wheat germ sa 
p-Glycerate* Spinach 
Dihydroorotate Zymobacterium oroticum 
a-Glycerophosphate Muscle re) 
3-Phosphoglyceraldehyde Yeast, muscle 
L-Glutamate Liver 
p-Glucose 
8-Hydroxysteroid Pseudomonas 
DPNH cytochrome cf Rat liver mitochondria, pig heart sg 
TPNH (transhydrogenase) Pseudomonas 


* Unpublished experiments with F. A. Loewus and H. A. Stafford. 
Tt Drysdale and Cohn (16). 
t San Pietro et al. (17). 


acteristic of the enzyme? Again, we have been unable to establish any 
such correlation, but the paucity of reliable data and adequate information 
certainly preclude the conclusion that no such correlation exists. 

Finally, we may consider the possibility that there is a more physiologi- 
cal significance associated with the steric specificity for DPN. Cori et al. 
(18) first observed that pyruvate in the presence of lactic dehydrogenase 
oxidizes DPNH bound to triosephosphate dehydrogenase at such a rapid 
rate as to justify the suggestion that the bound DPNH is oxidized without 
being dissociated from the TDH. From analogous studies, Mahler (19) 
concluded that DPNH bound to TDH could also be oxidized, without 
dissociation, by DPNH cytochrome c reductase. Velick (20) has pointed 
out that geometric problems would arise if two dehydrogenase proteins 
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were to bind and activate the same molecule of DPNH unless the proteins 
acted on opposite sides of the pyridine ring. The finding that TDH has 
8 stereospecificity for DPN, whereas lactic dehydrogenase has a@ stereo- 
specificity, provided a gratifying aid to geometric visualization of the 
coupling of these two enzyme reactions; but the demonstration by Drysdale 
and Cohn (16) that DPNH cytochrome c reductase has 6 stereospecificity 
for DPNH made it difficult to account for the observations of Mahler. 
A careful study of Mahler’s data, however, suggests that his conclusions 
are not well founded. His data appear to us to show that DPNH bound 
to TDH may be dissociated before it is oxidized by DPNH cytochrome ec 
reductase. If this interpretation of the data should be correct, then 
Mahler’s results are actually in harmony with the demonstration that 
both TDH and DPNH cytochrome c reductase have the same £ stereo- 
specificity for DPN. 

The observations and conclusions of Cori et al. (18) have been confirmed 
and amplified by Nygaard and Rutter (22), who found that the oxidation 
of DPNH-TDH by pyruvate in the presence of lactic dehydrogenase could, 
under some conditions, actually proceed more rapidly than the oxidation 
| of free DPNH. With liver alcohol dehydrogenase also, faster reactions 
| were observed with DPNH-TDH than with free DPNH under some 
conditions. Nygaard and Rutter also state that, in the presence of yeast 
alcohol dehydrogenase, the reduction of acetaldehyde by DPNH-TDH 
was at least as fast as with free DPNH. These observations are in har- 
mony with the fact that liver and yeast alcohol dehydrogenases, like lactic 
dehydrogenase, have a stereospecificity for DPN. 

Nygaard and Rutter (22) also presented a small amount of data on 
the reaction of glutamic dehydrogenase with DPN+-TDH and with free 
DPN+. The reduction of the bound DPN* by glutamate was only about 


2 The critical set of experiments is given in Fig. 5 and the accompanying discus- 
sion of Mahler’s paper (19). The curves show that the rate of cytochrome reduction 
observed with 10-§ m DPNH-TDH is approximately equal to the rate observed with 
one-fourth or one-fifth of the equivalent amount of free DPNH. Mahler states 
that, if the dissociation constant of the DPNH-TDH complex is 10~° or smaller, then 
insufficient free DPNH can be formed by dissociation to account for the rate ob- 
served. However, calculation shows that more than 60 per cent of the complex 

would dissociate under these circumstances, providing more than sufficient free 

DPNH to account for the rate observed. If a dissociation constant of 4 X 1077 is 
substituted in the equation given by Mahler, then calculation shows that, when the 
DPNH-TDH is added at a concentration of 10-5 mM, the concentration of the free 
DPNH formed by dissociation should be 0.18 KX 10-5 m. This is just about one-fifth 
of the amount added. The magnitude of the dissociation constant is not known with 
accuracy, but 4 X 10-7 appears to be a reasonable estimate (21, 22). These calcula- 
tions indicate that it is quite possible, though admittedly not certain, that the dis- 
sociation of the DPNH-TDH complex can yield sufficient free DPNH to account for 
the rates observed when cytochrome is reduced by added DPNH-TDH. 
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one-fourth as fast as the reduction of free DPN+. It would be of interest 
to know whether such a difference exists also when the reaction is run in 
the other direction, since the studies of the other enzyme couples showed 
that the reactivity of bound DPNH and of bound DPN? is apt to be dif- 
ferent. Since glutamic dehydrogenase has the same @ stereospecificity 
for DPN as does triose dehydrogenase, it would be of special interest to 
have more complete information on the glutamic acid triose system. 
In the meantime, we feel that all the available data either support or, at 
least, do not contradict a tentative conclusion that coupling may occur 
between pyridine nucleotide dehydrogenases of opposite steric specificity 
for DPN, without dissociation of DPN from protein. On the other hand, 
DPN must probably be dissociated from protein in coupled reactions 
between dehydrogenases with the same steric specificity for DPN. 

The suggestion has been made that a shift in conformation of the re- 
duced nicotinamide ring might facilitate the coupling between DPN- 
linked dehydrogenases of opposite steric specificity (6). Such a shift may 
be visualized with the aid of the diagrams of Fig. 1, which show the ‘“‘boat- 
shaped” conformations of the reduced nicotinamide ring of DPN, with the 
2 hydrogen atoms at the reduced position. The hydrogen atom which is 
“axial” in one conformation becomes ‘‘equatorial”’ in the other. By a sim- 
ple shift in conformation, the a or the 8 position could be made more sus- 
ceptible to attack. (In the absence of information to the contrary, one is 
inclined to assume that attack would be more likely in the ‘‘axial”’ position, 
because this would involve the smallest shift of atoms from the positions 
which they occupy in the planar, oxidized form of the nicotinamide ring.) 
Thus it is reasonable to visualize a structure composed of DPN held be- 
tween 2 enzyme molecules, with hydrogen transfer occurring from the 
substrate of one enzyme to the nicotinamide ring, to the substrate of the 
other enzyme, without disruption of the protein-DPN-protein “sandwich.” 
Such a picture is in harmony with the demonstration that a high propor- 
tion of the DPN in the cell is not free, but bound to protein (23, 24). 
Of course, the geometry of the adenosinediphosphate ribose moiety of 
DPN and of the proteins themselves would be expected to affect such 
coupled reactions, and an interpretation which considers only the geometry 
of the nicotinamide ring is obviously incomplete. It is still necessary, 
also, to account for the fact that the facility of coupling between the two 
dehydrogenases may vary with the direction in which the reaction is 
going. 

As already pointed out by Nygaard and Rutter (22), there are many 
interesting implications of the occurrence of coupled reactions between 
DPN-linked dehydrogenases without dissociation of the DPN. Perhaps 
one should attribute more structural integrity to the “‘soluble” components 
of the cytoplasm than is currently the fashion. It is instructive to con- 


or 
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sider the problem in conjunction with the spectrophotometric studies of 
Chance (23) on the oxidation-reduction state of DPN in the intact yeast 
cell. We would be inclined to modify Chance’s interesting discussion 
of the probable course of events within the cell in the light of the infor- 
mation now available on the steric specificities of the various dehydroge- 
nases involved, and the possibility that the occurrence of coupled reactions 


H, H, 
H; He 


N N N 


Fig. 1. Unlike the situation which obtains for cyclohexane, the double bonds im- 
part a measure of stability to the conformations represented diagrammatically on 
the left and right. The center figure shows the unstable intermediate position 
through which the hydrogen atoms pass when the shift occurs. Because this diagram 
is intended only as an aid to visualization of the shift of position of the hydrogen 
atoms, the extra bond to nitrogen has been omitted and the position of the carbox- 
amide side chain is indicated by a line. The subscripts A and B are only intended 
to distinguish the hydrogen atoms and carry no implication as to which is @ or B. 
The main point is that, in the diagram on the left, Ha occupies the axial position, 
whereas, in the diagram on the right, the other hydrogen atom, Hg, occupies the axial 
position. The diagram represents the appearance of the molecular model only ap- 
proximately, and the construction of the model is reeommended for a more accurate 
picture of the shift of conformation. 


without dissociation of pyridine nucleotide provides a means whereby 
certain metabolic paths may be selected at the expense of others (22). 


SUMMARY 


Deuterium has been used as a tracer to show that (a) alcohol and acet- 
aldehyde dehydrogenases from liver cause a direct transfer of hydrogen 
from substrate to diphosphopyridine nucleotide (DPN), with a stereospeci- 
ficity for DPN; (b) that the reaction catalyzed by liver glutamic dehy- 
drogenase also involves direct transfer of hydrogen, but with 8 stereo- 
specificity for DPN; (ec) that the reaction catalyzed by muscle 
glycerophosphate dehydrogenase has 6 stereospecificity for DPN; and 
(d) that the reduction of DPN by isopropyl alcohol in the presence of 
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yeast alcohol dehydrogenase has a stereospecificity for DPN. The pos- 
sible significance of the stereospecificity of various dehydrogenase reactions 
for DPN is discussed. 


The authors are grateful to Dr. W. G. Brown of the Department of 
Chemistry of this University for helpful discussion of the geometry of the 
pyridine ring. 


Addendum—After this paper was submitted for publication, a paper of Astrachan 
et al. (25) appeared which contains additional data on the reactivity of bound DPN, 
Attention is called particularly to the mathematical treatment of the dissociation 
constant for DPN bound to triosephosphate dehydrogenase, and to the data on the 
reactivity of bound DPN with glutamic dehydrogenase. These data are not in ac- 
cord with the predictions in the present paper. 
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CONCENTRATION WORK AND ENERGY DISSIPATION IN 
ACTIVE TRANSPORT OF GLYCINE INTO 
CARCINOMA CELLS* 


By ERICH HEINZ anv H. A. MARIANI 


(From the Department of Biochemistry and Nutrition, Tufts University 
School of Medicine, Boston, Massachusetts) 


(Received for publication, March 19, 1957) 


Ehrlich mouse ascites carcinoma cells are able to accumulate glycine 
and other amino acids from the suspending medium, as has been discovered 
and studied by Christensen and his group (3, 4). A kinetic analysis of 
this phenomenon in terms of unidirectional fluxes has shown that most of 
the accumulated glycine is free and that the accumulation is caused by 
an active, metabolically linked transport mechanism (5). The distribution 
of glycine between cell and medium was found to attain a practically 
time-independent value within 10 to 15 minutes after addition of glycine 
to the medium. This state has been characterized as a steady state, in 
which the rates of active transport into the cell and of passive diffusion 
(leakage) of glycine out of the cell are equal (6). It is characteristic for 
the steady state, as distinct from a thermodynamic equilibrium, that its 
maintenance involves continuous concentration work. The time rate 
of this concentration work, which determines the minimal requirement 
of metabolic power supply to maintain a given steady state distribution 
of glycine, is not known. It is not directly accessible, since the over-all 
net movement of glycine across the so called cellular membrane is practi- 
cally zero in the steady state. Advantage, however, may be taken from 
the fact that this concentration work is practically equal to the dissipation 
of energy by the leakage in the steady state, as will be discussed below. 
The purpose of the present study is to derive the concentration work 
from the leakage and to relate it energetically and stoichiometrically to 
the respiratory cell metabolism. 


Theoretical 


Active transport of glycine into the cell and leakage of glycine out of 
the cell can be considered as two separate currents of glycine passing the 
cellular boundary by different pathways. For reasons of simplicity, it is 
assumed that there are only two such pathways, the one involving a specific 

* This work has been supported by a grant from the National Science Foundation 
(No. NSF-G-1391). Some of the results have been communicated in preliminary re- 
ports (1, 2). 
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transport mechanism and the other one being essentially free diffusion, 
The basic features of this system are visualized by a simplified model 
(Fig. 1) which is consistent with all experimental observations. These 
two currents are net fluxes by nature and therefore not identical with the 
unidirectional fluxes, such as are determined with labeled glycine. Either 
one of these unidirectional fluxes includes components of both active 
transport and free diffusion. The active transport component is greater 


MEDIUM MEMBRANE CELL 


METABOLIC 
ENERGY 


~Ph x -Ph 


>(ax) 
oct. transport 


diffusion (leakage) 


Fic. 1. Schematic model of glycine transport across cellular membrane. The 
model is based on the assumption that a carrier (X) combines with glycine (a) by a 
metabolically linked, endergonic reaction. The upper bow represents the pathway 
of this transport mechanism and the lower bow the pathway of free diffusion or leak- 
age. 


in the influx than in the efflux, whereas the opposite has to be true for the 
diffusion component. 

In the steady state the concentrations, and hence the chemical poten- 
tials of cellular and extracellular free glycine, can be considered to remain 
constant. Since the rate of cellular glycine utilization is extremely small 
compared to the exchange rates (1), the two opposing glycine currents 
must be essentially equal in rate and the osmotic energy generated by 
the transport system must be almost completely dissipated by the leakage. 
The rate of this dissipation depends upon the passive permeability of the 
cell membrane. It enables us to estimate the concentration work per- 
formed by the transport process, without knowledge of chemical details of 
the transport mechanism. 

The rate of leakage, as in free diffusion, is considered to be approxi- 
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mately proportional to the difference in concentration between cellular 
and extracellular free glycine. The appropriate rate coefficient (leakage 
eoefiicient) has to be determined under conditions which abolish active 
transport or permit its elimination, without altering the passive permeabil- 
ity of the cell membrane. One way to achieve this might be by complete 
inhibition of the transport mechanism. Another approach is to evaluate 
and subtract the active component of the uninhibited glycine transport 
under suitable conditions. ‘This is possible at high glycine concentrations 
at which the active component is saturated, and is small compared to the 
total movement of glycine into the cell. For the mathematical procedure 
the following symbols and units are being used: Uyax = the maximal rate 
of active glycine transport in micromoles per gm. (dry weight) per minute; 
K, = the Michaelis constant, referring to the hypothetical complex 
between glycine and transport carrier; k, = the rate coefficient for diffu- 
sion across cell membrane (leakage coefficient) in ml. per gm. (dry weight) 
per minute; a,,a; = glycine concentration in micromoles per ml., the 
subscripts referring to cellular (c) and extracellular (f) phases, respectively ; 
W. = cellular water per unit of cellular dry weight in ml. per gm.; W; = 
extracellular water per unit of cellular dry weight in ml. per gm.; and 
R, = W./W;. According to previous investigations (6), the active trans- 
port mechanism has a limited capacity for glycine which can be expressed 
in terms of the Michaelis-Menten relationship. On the other hand, the 
leakage is considered to be a linear function of the concentration difference 
(a. — as). In the steady state, in which transport and leakage are equal 
in rate and opposite in direction, we have, therefore, 


as 
Umax 


By rearrangement we get 


= ky (a. ay) (1) 


ay 


= Aa; B (la) 


— Of 


in which A and B are constants. The left-hand member should be a 
linear function of a;, the slope of which is 


If the glycine concentration, a;, is high compared to K,,, Equation 1 
reduces to 


Umax >= ky (a. as)max (1b) 


and 


1 
A = (a, as) max 
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At high glycine concentrations the net uptake of glycine per gm. of dry 
weight is 
dt 


= k (ay — Ge) + Umax (2) 


In this equation ?max may be substituted by k,/A, according to Equations 
1 and la, provided that Umax and k, of Equation 2 can be considered 
equal to the corresponding terms in Equation 1. This is not strictly 
true for Umax, Which gradually decreases from its initial value towards 


zero as the distribution approaches thermodynamic equilibrium. How- 


ever, at high glycine concentrations the steady state distribution of glycine 
(a) is very far from the equilibrium, so that Umax changes only slightly 
from its initial to its steady state value. Furthermore, ?jax is relatively 
small compared to the first term in Equation 2 at high glycine concen- 
trations, so that its variations have only little effect on the result. Also 
k,, as used in Equation 2, may differ somewhat from that in Equation 1. 
The uptake of glycine in high amounts is known to cause a considerable 
flow of water into the cell, which in its turn must influence the movement 
of glycine according to Onsager’s principles. ‘There is, however, reason 
to assume that such reciprocal effects are small enough to be neglected in 
this connection. Inserting Equation 1 into Equation 2, we obtain 


da. 1 ky 
— oe _ 3 


Since / 
ay = ay, — Rya, 
Equation 3 becomes 
da, 


1 
“a (an + A — (Ry + 1a) (4) 


Integration of Equation 4 gives 


Ry +1 A 


The left-hand member is a straight line function of t, of which k, is the | 


slope. The integration constant J is not needed for the present purposes. 


EXPERIMENTAL 


The cancer cells used in these experiments were obtained and treated | 


as described earlier (5). In the experiments with steady state conditions, 
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essentially the same procedure as in previous investigations was followed 
(6). In the experiments with net uptake, the cells were preincubated 
with Krebs-Ringer-bicarbonate in the side arm of specially designed Erlen- 
meyer flasks for about 15 minutes and then mixed with the solution of the 
main flask, which contained the solute to be tested for penetration. This 
was either glycine in various concentrations up to 220 mM, S**-sulfate, or 
C4-inulin-carboxylic acid. The solutions with high glycine were pre- 
pared by replacing appropriate amounts of NaCl by isoosmolar amounts 
of glycine. The main incubation period was interrupted by suddenly 
cooling the samples to 1—2° and subsequently centrifuging them in a 
refrigerated International centrifuge at 20,000 X g for 10 minutes. The 
analytical procedure used to obtain values for cell water, glycine concen- 
tration, and radioactivity was essentially the same as in earlier studies 
(5,6). The correction of the intracellular concentrations for trapped or 
adsorbed extracellular glycine (‘‘zero glycine’) was somewhat revised (see 
under ‘‘Results’”). The oxygen consumption was determined manomet- 
rically in a Warburg apparatus. In accordance with earlier papers (5, 
6), all rates and rate coefficients, including the rates of oxygen consump- 
tion, are referred to cellular dry weight, unless stated otherwise. 


Results 


Determination of Cellular Glycine—The purpose of the present study re- 
quires reliable information on the concentration of the truly intracellular 
glycine. The glycine extracted from the freeze-dried cellular material, as 
previously described (6), has to be corrected for glycine dissolved in the ex- 
tracellular fluid trapped during centrifugation and for glycine which might 
be bound or adsorbed to the outer surface of the cell. These two corrections 
could presumably be achieved by subtracting the labeled glycine, extracted 
after zero time of incubation (zero glycine). This zero glycine can be 
easily determined if the label is added at 1°, since only negligible amounts 
of glycine enter or leave the cell at this temperature within the first 5 
minutes.! The zero glycine, as obtained from fifteen individual samples, 
is given in Table I. In order to obtain the truly intracellular water, in 
which the cellular glycine is dissolved, the water of the cellular mass has 
to be corrected for trapped extracellular fluid. Since the zero glycine, 
which may include adsorbed or bound glycine, is not quite reliable for 
this purpose, other poorly penetrating solutes, such as C™-inulin-carbox- 
ylic acid and S*-sulfate ions, have been used. At 1° imulin-carboxylic 
acid does not seem to enter the cell at all within the first 10 minutes, 
whereas sulfate at this temperature was found to do so at the relative 


Unpublished observation. 
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rate of about 0.01 ml. per gm. of dry weight per minute. This rate is 
slow enough to be ignored in comparison to the amount present in the 
trapped fluid. The spaces indicated by these two solutes are also listed 
in Table I. All these spaces are expressed as volume per unit of wef 
weight of the total cellular mass. The reason for preferring the wet weight 
to the dry weight in this particular case is given below. Whereas the 
inulin-carboxylate value is almost equal to the zero glycine, the sulfate 
value is significantly lower. The cause of this discrepancy is not pre- 
cisely known. It is, however, assumed that the higher values for inulin- 
carboxylate and glycine are due to adsorption or binding to the cell surface. 
Adsorption of sulfate seems small, since the sulfate space was found to 
depend little on total sulfate concentration. The sulfate space was there- 
fore considered to be the closest approximation to the volume of trapped 


TABLE I 
Extracellular Space in Cellular Sediment after 10 Minutes 
Centrifugation at 20,000 X g at 0° 


Labeled test solute added to cell suspension 30 to 60 seconds before centrifugation 
at 1°. Trapped space is expressed in volume per unit of wet weight of cellular mass. 


No. of samples Test substance Apparent extracelluar space 
ml. per gm. 
15 Glycine-1-C'4 (zero glycine) 0.24 + 0.03 
7 Inulin-C!4-carboxylie acid 0.22 + 0.04 
17 Sodium §**-sulfate 0.16 + 0.04 


extracellular fluid and as such used to estimate the true intracellular | 


water space. In most cases, however, such a distinction between zero 
glycine and sulfate space appeared to make little difference. From geo- 
metrical considerations one would expect the volume of trapped medium 
to be proportional to the cellular volume or wet weight rather than to 


the cellular dry weight. This could be verified by experiments in which | 


the cellular volume was artificially varied by changing the tonicity of the 
suspending medium. It can be seen in Table II, which gives a typical 
example selected from three experiments with similar results, that the 
sulfate space, regardless of the water content of the cell, is essentially 
proportional to the wet weight but not to the dry weight. This fact had 
to be considered if trapped volume and zero glycine were estimated at 
various degrees of cellular swelling. The scattering of values apparent 
in Table II is probably not due to experimental error but to the varying 
amount of dead cells, the osmotic barrier of which may be largely deterio- 
rated. 
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Leakage Coefficient—In order to get the rate coefficient for the uptake 
by free diffusion, an attempt was made to abolish active transport by 
maximal metabolic inhibition, e.g. by anoxia, 2,4-dinitrophenol, azide 
cyanide, and others. The relative uptake of radioglycine in the steady 
state was investigated with increasing concentrations of these inhibitors. 
A few typical results are listed in Table III. In all cases a strong increase 
in inhibition with rising inhibitor concentration, or with decreasing O, 
pressure, was found. But even at maximal inhibition the relative influx 
ean never be depressed below a residual value of about 1.2 ml. per gm. 
per minute. With other inhibitors like CN~ and _ iodoacetate, similar 
observations were made.! The question arises whether this residual up- 
take, apparent at maximal metabolic inhibition, represents free diffusion. 


TABLE II 
Sulfate Space and Cellular Water Content 


Before the determination of trapped extracellular space, cells were suspended in 
Ringer solutions of varying osmolarity in order to produce various degrees of swell- 
ing of the cells. For comparison the sulfate space is referred to cellular wet weight 
and dry weight as well. 


Cellular water (swelling) Sulfate space 
ml. per gm. dry weight | ml. per gm. dry weight ml. per gm. wel weight 
3.04 | 0.70 0.17 
4.69 | 1.06 0.18 
6.86 | 1.15 0.15 
8.53 | 1.79 0.19 


If such were true, the rate of uptake should, at least approximately, be 
a linear function of the extracellular glycine. In other words, the rate 
coefficient of this movement should be independent of the extracellular 
glycine concentration, provided that the permeability of the cell membrane 
for free diffusion were unchanged. Fig. 2 shows that this is not the case. 
The rate coefficient, though considerably reduced by the inhibition, drops 
sharply if the extracellular glycine concentration is raised and seems to 
tend towards a constant minimal value. This behavior indicates either 
that the passive permeability of the cell membrane is reduced by high 
glycine concentrations or that the transport mechanism is not completely 
inhibited. A change in permeability would probably also affect the pas- 
sive penetration of other solutes, which are likely to pass the cellular 
membrane by the same pathway as does the freely diffusing glycine. How- 
ever, the influx of the passively penetrating solutes, Cl~ ions and C*-urea, 
was found to be independent of extracellular glycine concentrations up to 
200 mm.! The passive permeability of the cell membrane therefore does 
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not seem to be affected appreciably by high extracellular glycine concen- 
trations. It has to be concluded that there is still a residual transport 
mechanism, which cannot be abolished by metabolic inhibition but can 


TaBLeE III 
Relative Influx of Glycine at Various Degrees of Metabolic Inhibition 
The influx is derived from the uptake of labeled glycine during 1 minute, after 
preincubation for 10 to 15 minutes at 37° with inhibition as indicated. The relative 
influx is the influx divided by the extracellular glycine concentration. All the val- 
ues refer to cellular dry weight. 


Inhibitor concentration Relative influx 


Inhibition A: 2,4-Dinitrophenol in Krebs-Ringer-phosphate with 1.5 mM glycine 


mM ml. per gm. per min. 
6.0 

0.01 4.4 

0.05 3.1 

0.15 1.1 

0.30 1.5 

0.45 1.4 


2.0 5.3 
3.5 4.0 
7.0 2.4 
25.0 1.3 


Inhibition C: low oxygen pressure in Krebs-Ringer-bicarbonate with 2.0 mM glycine 


Oxygen content of gas mixture 


per cent 
95 
10 
2 
0 


be saturated by increasing the glycine concentration. Whether this means 
that the applied inhibition of metabolic energy supply is incomplete or 
that the transport carrier may react with glycine to some extent without 
energy supply is not decided. The fact already previously reported that 
even cells maximally inhibited by dinitrophenol or in anoxia do accumulate 
glycine to a reduced but noticeable extent, favors the first possibility. 
The true coefficient for free diffusion may be approximated by extrapolat- 


i 
h 
ti 
p 
u 
Inhibition B: Sodium azide in Krebs-Ringer-phosphate with 0.7 mM glycine 

dr 
A 
gl 
gl 
tr 
lu 
us 
0. 
kr 
hi 
XUM 


ne 


E. HEINZ AND H. A. MARIANI 105 


ing the curve of the influx coefficient in Fig. 2 to infinite concentration, 
higher than 100 mo and ranges about 0.2 ml. per gm. per minute. 

This coefficient may also be obtained by the second procedure described 
under ‘“Theoretical,” 7.e. according to Equation 5, which applies to un- 
inhibited cells. Before Equation 5 was utilized, the ratio A = k,/vmax had 
to be determined according to Equation la. Fig. 3 shows twenty inde- 
pendent experimental observations at extracellular glycine concentrations 
up to 40 mm which are arranged and plotted according to Equation la. 
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Fic. 2. Relative uptake of glycine by cells at maximal metabolic inhibition. In- 
hibition is produced by 1 mm 2,4-dinitrophenol and 1 mm sodium iodoacetate at 37°. 
Abscissa, concentration of extracellular glycine. Ordinate, initial rate of glycine 
uptake, relative to the extracellular glycine concentration. The dotted line is 
drawn arbitrarily. 


The slope of the straight line obtained gives A = 0.021. For comparison, 
A has also been derived in a different way, by applying Equation 1b, 
which holds for glycine concentrations higher than 40 mM, to data re- 
ported by Christensen and Riggs (3). These authors found that at high 
glycine concentrations the difference between cellular and extracellular 
glycine concentration is independent of the extracellular glycine concen- 
tration. The average of this difference in thirteen samples with extracel- 
lular glycine concentrations between 32 and 177 mm was determined by 
us to be 45 + 14 mm. This figure entered into Equation 1b gives A = 
0.022, which agrees very well with the above value. With the value of A 
known, the uptake rates, as determined in separate experiments with 
high glycine concentrations, can now be evaluated in terms of Equation 5. 
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Fic. 3. Steady state distribution of glycine at various concentrations of extra- 
cellular glycine. The steady state concentrations of cellular (a,) and extracellular 
glycine (a,) of twenty independent samples at 37° are arranged and plotted versus 
ay according to Equation la. The two points in parentheses correspond to unusu- 
ally high accumulation ratios and are possibly erroneous. The straight line is drawn 
arbitrarily. 
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TIME IN MINUTES 
Fic. 4. Uptake of glycine by cells at high extracellular glycine. Concentration 
of extracellular glycine is about 130 mm. The lower curve shows the distribution 
ratio of glycine (R,) as a function of time. In the upper curve the experimental data 
are arranged and plotted versus time according to Equation 5. Temperature, 37°. 
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The plot of a typical experiment according to this equation is presented 
in Fig. 4, upper curve. Here the expression log (a, + 1/A — a.) plotted 
versus time gives a straight line. The slope permits evaluating the de- 
sired leakage coefficient k,. The results of four independent experiments 
of this kind, including that on Fig. 4, are listed in Table IV. In spite of 
the scattering, a mean value of 0.2 ml. per minute per gm. can be assumed 
for k,, Which agrees well with the value obtained by extrapolation of the 
curve in Fig. 2. This value has been taken as the closest approximation 
of the true leakage coefficient. 

Oxygen Consumption and Glycine Uptake—In order to relate transport 
rate and concentration work to the respiratory metabolism, the oxygen 
consumption was measured in the steady state at various glycine concen- 
trations. From various experiments, with similar results, a typical one 


TaBLeE IV 
Leakage Coefficient at High Glycine Concentrations in Uninhibited Cells 


Each experiment consists of four independent samples, which were incubated with 
glycine for different time intervals, in Krebs-Ringer-bicarbonate at 37°. The leak- 
age coefficient for each experiment was evaluated by the method of least squares. 


Extracellular glycine Cellular water Leakage coefficient 
mM ml. per gm. dry weight ml. per gm. per min. 

37 3.1 0.27 + <0.01 

135 3.5 0.24 + <0.01 

208 3.2 0.16+ £40.01 

218 2.8 0.18 + 0.02 


isshown in Table V. There is no increase in O, consumption with rising 
glycine concentration. This is noteworthy since, according to Table V, 
more concentration work seems to be done at medium than at low glycine 
concentrations. The slight decrease in O2 consumption apparent in Table 
V was not reproduced in other experiments and does not seem to be signifi- 
cant. The increased water uptake at higher glycine concentrations is in 
accordance with findings of Christensen and his group (7). 

Rate of Leakage and Turnover of Osmotic Energy—With the above leakage 
coefficient the presumable turnover of osmotic energy between transport 
and leakage in the steady state has been calculated. Table VI gives, as a 
characteristic example, the results obtained from the experimental data 
presented in Table V. The leakage rates have also been related stoichio- 
metrically to the corresponding rate of oxygen consumption, which was 
determined simultaneously. The G:QO: ratios, which are to express this 
relationship, have been derived from the experimental data of Table V 
and are listed in Table VI. For comparison, these ratios have also been 
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TABLE V 


Oxygen Consumption and Glycine Accumulation 
Oxygen consumption was determined after the cells had been preincubated for 

15 minutes in order to bring the glycine distribution to its steady state value. 

Temperature, 37°; end pH, 7.2 to 7.3. 


Me- 


Glycine concentration 


Accumulation ratio, 
ac 


Cellular water, 


Oxygen 


consumption 


Extracellular, ay Intracellular, a¢ rad 
ma ma 
1.7 24.5 14.4 3.2 7.8 
1.7 20.4 12.0 3.4 7.9 
6.9 47.2 6.9 3.9 7.9 
7.6 50.4 6.6 3.8 7.6 
16.5 74.9 4.5 4.1 7.1 
16.5 82.7 5.0 4.1 6.8 
31.4 78.6 2.5 4.3 6.4 
31.4 76.6 2.4 4.2 6.9 


Energetic and Stoichiometric Relationship between Oxygen 


the concentration difference between intra- and extracellular glycine. 
turnover taken as equal leakage rate times chemical potential difference between — 
intracellular and extracellular glycine (RT In R,). 


TaBLeE VI 


Consumption and Glycine Transport 


Experimental data are the same as those for Table V. Rate of leakage taken as 
equal to the product of the leakage coefficient of 0.2 ml. per gm. per minute times 


Glycine to oxygen ratio, oe 


Extracellular Osmotic 
glycine. Rate of leakage energy 
concentration turnover 
Leakage Exchange 
1.7 4.6 7.5 0.6 3.1 
1.7 3.8 5.9 0.5 2.6 
6.9 8.1 9.2 1.0 6.0 
7.6 8.6 10.0  . 6.7 
16.5 11.7 10.9 1.6 10.0 
16.5 13.2 13.2 2.0 12.2 
31.4 9.4 5.8 1.5 12.3 
31.4 9.0 5.2 1.3 11.1 


derived for the exchange rate, as determined by the unidirectional fluxes | 
The exchange fluxes used for this purpose were obtained by 
These fluxes are five to 


of glycine. 


separate experiments under identical conditions. 


six times higher than the corresponding rates of leakage or transport. 
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DISCUSSION 


As has been pointed out, no net concentration work is done by the 
transport of glycine after the steady state is reached. ‘The osmotic energy 
generated by the active transport mechanism is utilized to compensate 
for energy losses which are caused by leakage of glycine out of the cell. 
From the concentrations of cellular and extracellular free glycine, and 
from the leakage rate, this energy dissipation can be evaluated. It is 
essentially equal to the concentration work actually achieved by the 
transport mechanism and therefore represents the absolute minimum of 
energy required to maintain the steady state. 

Since most of the intracellular glycine is free (5), a fair estimate of both 
cellular and extracellular glycine is possible, if due correction is made for 
zero glycine and trapped medium. The rate coefficient for the leakage, 
which presumably is identical with the coefficient for free diffusion across 
the cellular membrane, has been estimated at high glycine concentrations 
under conditions allowing elimination of the transport component. Some 
possible objections to this procedure have been discussed. For example, 
it may be doubted whether the maximal transport rate (Vmax) and the 
leakage coefficient (k,), which have been treated as constant throughout 
the mathematical derivation, are actually the same under all the experi- 
mental conditions applied. Umax May be smaller in the steady state than 
in the initial uptake period and k, may become smaller with increasing 
glycine concentration. It has been pointed out, however, that even in 
the steady state the glycine distribution is apparently far from the thermo- 
dynamic equilibrium value, so that vax should change only slightly be- 
tween the initial uptake period and the steady state. Jor similar reasons, 
possible variation of k, connected with reciprocal interactions between 
glycine and water movement into the cell has been disregarded. There is 
also evidence that the passive permeability of the cell membrane probably 
does not depend upon the glycine concentration. Otherwise the passive 
penetration of other solutes like urea or Cl- ions would probably also be 
influenced by the extracellular glycine concentration, which apparently 
is not the case. It is therefore assumed that k, does not change appre- 
clably with the glycine concentration and that the experimentally derived 
values for k, are in the right order of magnitude. Upon this assumption, 
the presumable turnover of osmotic energy between transport and leakage 
in the steady state has been calculated. Table VI gives some typical 
results of this calculation, which are based on the experimental data pre- 
sented in Table V. 

The osmotic energy generated by the transport mechanism, even at its 
maximal value, covers only about 1 per cent of the free energy supplied 
by the respiratory metabolism, as calculated from the simultaneous oxygen 
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consumption (Table V). This fraction, however, is a minimal value and 
therefore gives no information on the real fraction of metabolic energy in- 
vested in the transport process. Other losses of energy are bound to occur 
in connection with the transport, which may considerably depress the effi- 
ciency of this process. Their evaluation requires detailed knowledge of 
all chemical reactions involved, which is not available. 

The stoichiometric ratio of glycine transport to oxygen consumption 
(G:O2) shows another aspect of the linkage between metabolism and 
transport. This ratio may be significant if the transfer of metabolic 
energy is limited by stoichiometric restrictions of intermediate chemical 
reactions rather than by the amount of calories available. If the theoreti- 
cal maximum of G: On, as limited stoichiometrically, were known, then the 
experimental G:QOz. ratio would allow a fair estimate of the fraction of 
respiratory energy production channeled into the transport process. At 
present, such an estimate can be made only tentatively according to certain 
assumptions. It may, for example, be assumed that the active transport 
of glycine requires activation by energy-rich phosphate, and that one 
such bond accounts for the transport of only 1 glycine molecule. These 
assumptions, though unproved, appear to be reasonable in view of the 
inhibitory effect of 2,4-dinitrophenol and in analogy to other activation 
processes. In this case the stoichiometric maximum of the transport 
would be strictly limited by the maximal P:QO, ratio, regardless of the 
concentration work ultimately achieved. A G:QO, ratio higher than 6 
could hardly be expected, even if glycolytic energy were utilized for the 
transport. 

In determining the G:QO. ratios experimentally, it is again necessary 
to distinguish exchange, as given by the unidirectional fluxes, from true 
transport which presumably corresponds to the leakage. The G:Qz ratios 
as based on either exchange or leakage are given in Table VI for compari- 
son. It would appear that more than 10 glycine molecules may exchange 
per oxygen molecule consumed, whereas for the true transport the maximal 
ratio seems to be less than 38. According to the theoretical viewpoints 
discussed above, only part of the unidirectional fluxes represents true 
transport involving net expenditure of energy, so that only the G:Q, ratio 


derived from the leakage is relevant to the energy transfer. This inter- — 


pretation is also consistent with the above assumptions on the function — 


of energy-rich phosphates in glycine transport. 


It seems that the rate of glycine exchange between cell and medium — 
is about five times faster than the rate of actual transport and leakage. — 
This holds also for the corresponding maximal rates. The maximal trans- 


port rate, Umax, as derived from the present data is about 10 uwmoles per 
gm. (dry weight) per minute, whereas the maximal rate of influx, as re- 
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ported in a previous paper (6), is 57 wmoles per gm. per minute. Such 
great discrepancy between those values seems characteristic for a carrier 
mechanism, as will be discussed in a subsequent paper. 


The authors wish to acknowledge the valuable assistance of Mrs. Patricia 


M. Walsh. 


SUMMARY 


The transport of glycine into carcinoma cells tends towards a steady 
state in which a constant difference between cellular and extracellular 
glycine is maintained with the expenditure of energy. In this state the 
inward transport and the outward leakage of glycine are essentially equal 
in rate, and the osmotic energy generated by the transport process is 
almost completely dissipated by the leakage. Consequently the magni- 
tude of this energy turnover can be derived from the rate of leakage. 
The rate coefficient of the leakage has been determined in special experi- 
ments with high glycine concentrations. Under such conditions the active 
transport is constant and small compared to the passive penetration, and 
can be allowed for in the calculations by a mathematical operation. The 
leakage coefficient thus derived was used to estimate the turnover of 
osmotic energy between transport and leakage under various steady state 
conditions. This turnover has also been related stoichiometrically to the 
oxygen consumption. It was found that, for every molecule of oxygen 
consumed, less than 3 glycine molecules can be maximally transported 
actively. The exchange fluxes of glycine, however, as determined by 
radioactive glycine in the steady state, may be more than five times as 
rapid as the active transport rate. The meaning of these findings in 
terms of a possible mechanism for glycine transport is discussed. 
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NON-UNIFORM INCORPORATION OF GLYCINE-2-C" INTO 
RABBIT HEMOGLOBIN IN VIVO AND IN VITRO* 


By JACQUES KRUH, JEAN-CLAUDE DREYFUS, GEORGES SCHAPIRA, 
AND PRUDENT PADIEU 


(From the Laboratoire de Recherches de Biochimie Médicale, Hépital des 
Enfants Malades, Paris, France) 


(Received for publication, March 6, 1957) 


The results of recent investigations are in agreement with one of two 
conflicting hypotheses concerning the incorporation of amino acids into 
proteins. Most of these results favor a simultaneous linkage of the amino 
acids, although others agree with a stepwise synthesis implicating the ex- 
istence of intermediate peptides. For example, the following experiments 
are in favor of the former hypothesis. Muir et al. (1) have shown, with 
hemoglobin, in experiments in vivo, the identity of the specific activities 
of N-terminal valine and the other valine residues. Velick et al. (2, 3) 
have shown that the ratio of the specific activities of eight amino acids is 
the same in three muscle enzymes, even as early as 30 minutes after the 
injection of the labeled amino acids (4). Work et al. (5, 6) have shown the 
identity of the labeling in the various milk proteins and in the different 
casein peptides. Kruh and Borsook (7) have demonstrated the identity 
of the rates of incorporation of four labeled amino acids into rabbit reticulo- 
cytes in vitro. 

In favor of the stepwise conception are the experiments of Anfinsen et al. 
(8, 9), which demonstrate that, in vitro, the incorporation of various amino 
acids into ovalbumin by oviduct preparations is significantly higher in the 
hexapeptide, split from the protein by subtilisin, than in plakalbumin. 
The incorporation of glycine and phenylalanine into insulin and ribonu- 
clease in pancreas slices is also unequal (10). Gehrmann et al. (11) have 
found an unequal labeling of collagen in vivo. 

It should be noted, as we have shown in experiments both in vivo and 
in vitro with rabbit and human hemoglobin (12-15), that the study of 
protein synthesis can be complicated by the fact that an apparently homo- 
geneous protein may present chemical and metabolic heterogeneity. 

The purpose of this work was to study the mode of incorporation of 
labeled glycine into rabbit hemoglobin, in vitro and in vivo. The labeled 
globin was progressively hydrolyzed by HCl and the specific activity of 
glycine, released at different times of hydrolysis, was measured. 

* This work was supported by a grant from La Caisse Nationale de Sécurité 


Sociale, France, l’Institut National d’Hygiéne, France, and the Damon Runyon 
Memorial Fund, New York. 
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Methods 


Production of Reticulocytes—Reticulocytes were obtained on the 5th day 
from rabbits injected subcutaneously on the Ist and 3rd days with 0.20 gm. 
per kilo of phenylhydrazine hydrochloride. 

Incubations—The incubations were performed according to Borsook 
et al. (16), slightly modified. The erythrocytes obtained from 20 ml. of 
blood were twice washed with Krebs-Henseleit solution. 2 ue. of glycine- 
2-C' (Harwell'), diluted by non-labeled glycine to a final concentration of 
0.2 mm, and 3 ml. of a 0.27 Mm NaHCO; solution were added. In some 
incubations L-serine was added to a final concentration of 0.2 mm. In 
others a mixture of sixteen amino acids (glycine, pt-alanine, L-valine, 
L-leucine, DL-isoleucine, L-glutamic acid, L-aspartic acid, p1L-threonine, 
L-cysteine, DL-methionine, L-arginine, L-lysine, L-histidine, L-tryptophan, 
DL-proline, L-phenylalanine) to a final concentration of 0.2 mm for each 
of them was added. In several experiments 250 y of iron in the form of 
ammonium ferrous citrate were added. Then Krebs-Henseleit solution 
was added up to 50 ml. 

Incubations were carried out in an incubator at 37°, with a gas current 
of 95 per cent Oz and 5 per cent COr. 

Injection—In the experiments in vivo, 50 ue. of glycine dissolved in 2 
ml. of saline were injected intravenously into rabbits. 

Preparation of Globin and Hemin—The red blood cells were washed five 
times with Krebs-Henseleit solution and hemolyzed with twice distilled 
water. The non-hemoglobin proteins were salted out by 3.0 m phosphate 
solution and hemoglobin by 3.5 mM phosphate (17). The hemoglobin was 
then dialyzed for 3 days against 5 liters of twice distilled water. In some 
cases, before dialysis, 0.1 M thioethanol was added to the hemoglobin solu- 
tion, and dialysis was carried out under nitrogen (2, 3). Heme was hy- 
drolyzed from globin by acid acetone (18); hemin was precipitated by 
addition of water to the acetone solution and heat concentration; the pre- 
cipitate was washed with water, dried, dissolved in pyridine, and filtered. 

Hydrolysis of Globin and Isolation of Free Glycine—The globin was hy- 
drolyzed in 3000 volumes of 6 N HCl in an air bath at 112°; after different 
times an aliquot was taken. Under these conditions hydrolysis was com- 
pleted in 36 hours. The hydrochloric acid in each sample was evaporated 
and the hydrolysate freed from HCl by addition of water and evaporation 
to dryness six times. The reaction with dinitrofluorobenzene was carried 
out according to Sanger (19) and the dinitrophenylglycine (DNP-glycine) 
was isolated according to the method of Perrone (20). In a modification 
of this method devised for the present work a rotating column of Celite is 


1The Radiochemical Center, Amersham, England. 
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used and a mixture of ether and chloroform to fractionate and elute the 
DNP-amino acids.” 

The purity of DNP-glycine was checked by the following tests: two-di- 
mensional paper chromatography, according to Levy (21), gave only one 
spot at each step of hydrolysis; the melting point was found to be 198°, 
which was identical to that of synthetic DNP-glycine (22) and to that of a 
mixture of the isolated and synthetic compounds. | 

Determinations of Pyridine Hemochromogen—Determinations were car- 
ried out by weighing the dry residue of the solution in pyridine. The 
samples were dried on planchets and then used for radioactivity measure- 
ments. DNP-glycine was determined by spectrophotometry at 360 my 
in 2 per cent NaHCO; solution (19, 23). 

Determination of Radioactivity—The radioactive compounds were plated 
on copper planchets on which a lens paper was fixed with silicone and the 
radioactivity measured with a thin end window Geiger-Miiller counter 
(Tracerlab). Determinations were carried out with a statistical error of 
less than +2 per cent; corrections for thickness were made. 


Results 


Incorporations in Vitro (Table I)—The addition to the medium of amino 
acids and iron activated the process of glycine incorporation into heme and 
globin, under all experimental conditions tested (Table I, last column) 
(24, 7). 

The ratio of the specific activities of heme, expressed in counts per min- 
ute per millimole, divided by 8 (8 molecules of glycine being used for the 
biosynthesis of 1 molecule of heme), to the specific activity of globin gly- 
cine was very close to 1, whatever the experimental conditions (7). 

The most important finding was the variation of the specific activity of 
the free glycine with the duration of hydrolysis, the specific activity in- 
creasing with time until the hydrolysis was complete. These results were 
found to be independent of experimental conditions: incubation lasting 2 
or 4 hours, preincubation, addition or no addition of amino acids and iron. 
The absolute values of the specific activity varied from one experiment to 
another but the same relationships were always found. 

Experiments in Vivo (Table II)—Blood was taken from the rabbits at the 
5th and the 34th days after the injection. In the hemoglobin obtained on 
the 5th day, progressive hydrochloric hydrolysis released glycine with in- 
creasing specific activity. 

However, in the hemoglobin obtained on the 34th day, the specific activ- 
ity of the liberated glycine remained constant throughout the hydrolysis 


* Padieu, P., unpublished technique. 
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or at least the variations were much smaller than in hemoglobin obtained 
on the 5th day. 
The following considerations eliminate impurities in or heterogeneity of 


TABLE I 
Incorporation in Vitro of Glycine into Globin and Heme 
Specific activity of glycine 
in globint 
Ex- _. |Activation 
Specific |of inco 
+ ai Incubation Experimental conditions* Hydrolysis activity | ration by 
No of heme} 16 amino 
acids§ 
6 hrs./12 hrs.) prs. | hrs. | hrs. 
hrs. 
1 4 Serine 13.2 14.220.0 22.25 
16 amino acids and iron 27.8 (31.7 34.3 27.7 1.71 
2 4 Serine 7.6 10.9 11.9 
16 amino acids and iron 10.2 15.5 16.1 1.42 
3 4 13.3 12.8 
4 4 16 33.9 36.5 
Dialysis against thio- |20.9 32.9 32.3 
ethanol 
5|| | 2 Serine 12.613.9 49.3 
16 amino acids and iron 40.2.62.4 |88.0,97.0 90.0 2.61 
69 | 1,preincu- | Serine 2.75) 4.1 6.3) 6.8 
bation 
4, incuba- | 16 amino acids and iron 4.6 | 6.6) 7.9 8.7 1.25 
tion 


* Each amino acid, including glycine, was at a concentration of 0.2 mm. 250 7 of 
iron were added in the form of ammonium ferrous citrate. The total volume of each 
incubation was 50 ml. 

+ Expressed in counts per minute per micromole. 

t Expressed in counts per minute per micromole of hemin dipyridyl, divided by 8. 

§ Ratio of the specific activity of total glycine with and without addition to the 
medium of the sixteen amino acids. 

|| Double amounts of radioactive glycine; 4 uc. had been added. 

{ At the beginning of the experiment, the erythrocytes were incubated at 37° in 
full medium without labeled glycine. After 1 hour glycine was added. 


the hemoglobin as explanations for the differences observed in the specific 
activity of the glycine in globin. 

Dialysis against Thioethanol (2, 3)—Thioethanol added to a protein 
cleaves amino acids or peptides linked to it by disulfide bonds, e.g. glu- 
tathione. One experiment was carried out in which thioethanol was added 
to hemoglobin, then the latter was dialyzed against water in a nitrogen 
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atmosphere. The results were not significantly different from those ob- 
tained by the standard procedure (Table I; Experiment 4). 

Glycine Incorporation into Red Blood Cells with Few Reticulocytes—Glycine 
is incorporated into glutathione in mature red cells as well as in reticulo- 
cytes (25, 26). Two experiments were carried out with red blood cells 


TABLeE II 


Incorporation in Vivo of Glycine into Globin 


Specific activity of glycine in globin* 
Experiment No. Hydrolysis 
6 hrs. 9 hrs. 12 hrs. 24 hrs. 36 hrs. 
days 
1 5 1.7 2.1 2.6 3.3 3.2 
34 5.8 6.6 6.8 7.1 
2 5 1.5 1.9 2.0 2.1 
34 2.5 2.3 2.4 2.4 
3 5 2.4 3.5 4.5 
34 3.0 3.2 3.0 
* Iixpressed in counts per minute per micromole. 
TABLE III 
Glycine Incorporation into Red Cells with Few Reticulocytes 
Experiment 1 Experiment 2 
Hydrolysis 
Globin not treated with Globin treated with 
thioethanol thioethanol 
hrs 
8 3.8 2.5 
36 7.65 5.1 
Ratio of specific activity. .......... 0.49 0.49 


containing only 3 per cent reticulocytes and these were incubated 
with glycine of high specific activity. In the second experiment, the hemo- 
globin was treated with thioethanol. The results were similar to those ob- 
tained with reticulocyte-rich blood, thus eliminating adsorption of radio- 
active glutathione as a cause of error (Table III). 

Successive Purification of Hemoglobin—Two preparations of hemoglobin 
were purified by successive precipitations. In each step only one-third of 
the hemoglobin was retained (27) from which an aliquot was taken and 
submitted to progressive hydrolysis. Successive purifications neither 
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eliminated nor concentrated impurities, whether radioactive or not (Ta- 
ble IV). 

Fractionation—We have tried to fractionate hemoglobin on Amberlite 
IRC-50 according to the method of Boardman and Partridge (28) in order 
to concentrate in one of the fractions a possible protein impurity. Five 
arbitrary fractions were obtained. They were dissolved in 0.1 N NaOH 
and their optical absorptions measured with a Beckman DU spectropho- 
tometer at 280 muy for the protein and at 400 my for the alkaline hematin. 
A non-heme impurity would have decreased the ratio E40/ E20. 

The ratios for the five fractions were as follows: 1.43, 1.42, 1.40, 1.36, 
1.45, and the ratio for non-fractionated hemoglobin was 1.39. 

All the experiments testified to the purity of the hemoglobin prepared 
by the method described above. 


TaBLeE IV 


Specific Activity of Glycine in Hemoglobin after Successive 
Reprecipitation of Hemoglobin 


Hydrolysis ist pptn. 2nd pptn. 3rd pptn. 
hrs. 
6 9.0 9.4 9.3 
36 13.3 13.8 13.5 
Ratio of specific activity....... 0.68 0.68 0.69 
DISCUSSION 


Experiments in Vitro—These experiments in vitro provide two main 
results. (a) The rates of incorporations of glycine into the heme and into 
the globin were the same on the average, the values for heme being approx- 
imately equal to those found on complete hydrolysis of globin. The addi- 
tion of the sixteen amino acids and of iron increased both rates to the same 
extent. Thus the possibility of a quantitatively significant pool of inter- 
mediates in the biosynthesis of heme and of globin must be discarded unless 
the pools of intermediates for the heme and the globin were equal in each 
experiment, which seems unlikely. (b) The incorporation of labeled gly- 
cine into globin appears to be heterogeneous. This finding might be ex- 
plained by one of several hypotheses: (1) Heterogeneity of hemoglobin. 
The existence in the same blood of several hemoglobins which incorporate 
radioactive iron at different rates has been demonstrated in vivo (12, 14) 
and in vitro (13, 14). If these two hemoglobins incorporated labeled gly- 
cine at different speeds and if the resistance of each to acid hydrolysis was 
different, the present results would not be incompatible with an intramolec- 
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ular uniform labeling of each of the two hemoglobins. In order to test 
this hypothesis, we have fractionated labeled hemoglobin by alumina chro- 
matography (13). This fractionation has enabled us to obtain two frac- 
tions: Fraction I, which was not adsorbed on alumina, and Fraction II, 
which was adsorbed and could be eluted by a phosphate solution. Each 
fraction was submitted to hydrolysis. Although both globins had differ- 
ent specific activities, confirming the results obtained with radioactive 
iron, the hydrolysis of each released glycine whose specific activity in- 
creased with the time of hydrolysis (Table V). Thus the labeling was 
unequal in each globin. (2) “Turnover type” exchange, occurring at 


TABLE V 
Incorporation in Vitro of Glycine into Two Hemoglobin Fractions 
Specific activity of glycine in globint 
Experiment No.* Fraction No.t Hydrolysis 

6 hrs. 24 hrs. 36 hrs. 

1 I 31.3 34.7 47.0 

II 44.8 50.4 78.0 

2 I 59.8 95.0 116.2 

II 90.3 128.5 163.7 


* Incubation lasting 4 hours, with the mixture of sixteen amino acids and am- 
monium ferrous citrate. 

t Fractionation by alumina chromatography gives two fractions; Fraction I 
which was not adsorbed, and Fraction II, which was adsorbed and eluted by phos- 
phate solution. 

t Expressed in counts per minute per micromole of glycine. 


different rates between the various residues of incorporated glycine and 
the pool of free glycine. This also would not account for the identity of 
incorporation into globin and into heme, as the incorporation into heme 
cannot have an intramolecular turnover. (3) Slow penetration of radio- 
active glycine into reticulocytes (29). In this case the radioactivity of the 
pool would vary with time, and if the arrival of the amino acids on the 
template had been a slow process, then different residues in the globin 
would be differently labeled. In this event the inequality of the labeling 
would have varied with the duration of incubation and preincubation, and 
in the heme as well as the globin. The experiments were not designed to 
test this possibility and the data obtained are inconclusive. (4) The ex- 
istence of peptide intermediates which would dilute differently the mole- 
cules of glycine going to the different sites of the molecule. This hypothe- 
sis has been proposed by Anfinsen et al. (8, 9) to explain similar results 
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obtained with other proteins. This interpretation is compatible with the 
identity of the rate of incorporation into heme only if the pool of inter- 
mediates of globin and heme synthesis has the same size or if there is a 
regulation mechanism unknown at present. 

Experiments in Vivo—The results obtained on the 5th day might be 
explained by the hypotheses discussed for the results of the experiments 
in vitro. The equalization of the specific activity by the 34th day after the 
injection of labeled glycine might be explained in two ways: (1) Exchange 
between the glycine residues in globin and either free glycine or that com- 
bined with other red blood cell molecules. Such exchange would tend to 
equalize the specific activity of the various residues of glycine in globin, 
This hypothesis appears to be in contradiction with two groups of experi- 
ments in favor of the stability of the hemoglobin molecule during the life 
span of the erythrocyte, 7.e. those of Shemin and Rittenberg (30), but con- 
cerned only with heme of human hemoglobin, and those of Grinstein et al. 
(31) on hemoglobin in the rat and dog. Neuberger, nevertheless, failed to 
find this stability of hemoglobin in rabbit erythrocytes (32) and observed 
great variations of specific activity during the life span of the erythrocytes. 
(2) Existence of two types of erythrocytes with different kinds of hemo- 
globin, one type having a shorter life span. The labeling of the two hemo- 
globins should be different, as well as their resistance to acid hydrolysis. 
After the 34th day, only the erythrocytes with longer life span would 
remain radioactive. 


The authors wish to express their thanks to Dr. H. Borsook for his 
interest in this work and to Dr. L. Herzenberg for his help in translation. 
The authors were assisted by R. Laurent and L. Vigoura. 


SUMMARY 


1. Rabbit hemoglobin was labeled in vitro by incubation of reticulocytes 
with 2-C'*-labeled glycine. The rates of incorporation into heme and into 
globin were identical. The progressive acid hydrolysis of globin released 
glycine with increasing specific activity. 

2. Rabbit hemoglobin was labeled zn vivo by injection of glycine-2-C", 
The progressive acid hydrolysis of the globin from the blood taken at the 
5th day released glycine with increasing specific activities. When the blood 
was taken at the 34th day, the specific activities of the glycine were the 
same. 
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The classical procedure for the identification of hemins as prosthetic 
groups is to isolate the hemins, convert them into porphyrin esters, and 
identify the esters by their spectra and melting points. This procedure 
usually requires considerable amounts of material, gives poor yields, 
and the melting points have not always been definitive (1). Chromato- 
graphic methods have aided in establishing the homogeneity of porphyrins 
and porphyrin esters (2-5). Nevertheless, the multiple porphyrins which 
may result from the conditions required to convert hemins to porphyrins 
(1, 6, 7) and the instability of some porphyrins make this general procedure 
for hemin identification less certain than if the hemins themselves could be 
identified. 

More recently, methods of column chromatography have been developed 
which can separate protohemin from hemin a (8) and even from two hemin 
a types (9). These techniques were essentially preparative, but a micro- 
procedure for the identification of hemin prosthetic groups prepared from 
small amounts of hemoproteins would seem useful. Chu and Chu (10) 
have reported solvent systems for the separation of hemins by paper 
chromatography, but the hemins used were pure samples which had been 
prepared by large scale purification procedures. 

The method reported here deals with hemins obtained directly from 
small quantities of cytochrome c (11), cytochrome oxidase preparations 
(12), hemoglobin, catalase (13), and various rat tissues. Special procedures 
for the separation of the hemins from their hemoproteins are reported, 
and new acid solvent systems for the paper chromatography of the hemins 
are described. The separation of various hemins from the above prepara- 
tions and tissues is demonstrated. 


EXPERIMENTAL 
Separation of Hemins from Lipide-Free Material 


The hemin was separated from catalase and crystalline normal adult 
hemoglobin by cleavage with acidified acetone (9). The acetone solution 
* This research was supported, in part, by grants from the Life Insurance Medical 


Research Fund and grant No. H1322, National Heart Institute, National Institutes 
of Health, United States Public Health Service. 
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of hemin was diluted with an equal volume of ethyl ether, and then washed 
with an equal volume of 5 per cent NaCl and concentrated or diluted as 
necessary for chromatography. Only freshly prepared solutions of hemin 
were used. 

A modification of Paul’s procedure (14) for the separation of the hemin 
from cytochrome c was employed. To 10 ml. of a cytochrome c solution 
(2 X 10°* mM), 2 ml. of glacial acetic acid and solid silver nitrate sufficient 
to saturate the solution were added. ‘The flask was shaken vigorously for 
5 minutes and allowed to stand in the dark at room temperature for 15 
hours. The solution was decanted from the excess solid silver nitrate and 
then extracted with an equal volume of ether containing 20 per cent (by 
volume) of acetic acid in a separatory funnel. The ether phase was 
separated and the extraction procedure repeated four times. The com- 
bined ether extracts were then washed with an equal volume of 5 per cent 
sodium acetate solution. The ether solution of the prosthetic group of 
cytochrome c, appropriately concentrated or diluted, was used directly 
for chromatography. 


Separation of Hemins from Lipide-Containing Material 


Oxidase Preparation—The cytochrome oxidase preparation was treated 
as described previously (9), but no steps beyond the stage of washed ether 
solution were needed. This ether solution may be concentrated or diluted 
as necessary for paper chromatography. 

Tissues—lIn the case of rat tissues, it was first essential to remove excess 
hemoglobin and myoglobin, since the large quantities of protohemin derived 
from these compounds obscured the smaller amounts of other hemins 
during chromatography. For this purpose a 4 per cent homogenate of 
the tissue was prepared with a solution of 20 per cent sucrose containing 
0.25 per cent saponin. The mixture was centrifuged and the residue 
washed three times with 10 volumes of the sucrose-saponin solution. The 
preparation was then ready for removal of excess lipides. Toward this 
end the above residue was first partially dehydrated by the addition of 
30 volumes of acetone and was then extracted twice with the same volume 
of chloroform-methanol (2:1, v/v). The residue was finally washed once 
with 30 volumes of acetone. 

After the addition of 1 ml. of water per gm. of acetone powder, the hemins 
were extracted with 10 ml. of acidified acetone with stirring for 15 minutes. 
This operation was repeated until the extract was no longer colored. The 
combined acetone extracts were then diluted with an equal volume of 
ether in a separatory funnel and washed three times with equal volumes of 
5 per cent NaCl. The ether solution was concentrated or diluted as 
necessary for paper chromatography. 
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Chromatography—F our different solvent systems were employed for the 
separation of the hemins by paper chromatography. ‘Two solvent systems 
partitioned the hemins between a stationary acid aqueous phase and a 
mobile non-polar phase. The first of the acid solvents was composed of 
2 ml. of 99 per cent formic acid and 10 ml. of hexane, made up to 100 ml. 
with chloroform. The second acid solvent consisted of benzene saturated 
with picric acid and containing 4 per cent isopropyl! alcohol (v/v). 

One of the basic solvents consisted of 55 ml. of 2,6-lutidine and 45 ml. of 
water; the other consisted of pyridine, isopropyl] alcohol, and 8 N ammonium 
hydroxide in the ratio of 1:2:2 by volume. 

Whatman No. 1 paper was used with all solvents. In the case of the 
pyridine-isopropy] alcohol-N H,OH solvent, the paper was first impregnated 
with silicone grease. This was accomplished by passing the paper through 
a petroleum ether solution saturated with Dow-Corning silicone grease 
and allowing the petroleum ether to evaporate from the paper before use. 

The chromatograms for which the non-polar acid solvents were employed 
were run in glass chromatography jars lined with paper immersed in the 
solvent. In these systems the descending technique of development was 
used. The hemins were spotted with micropipettes on paper 7.5 em. in 
width, and the solvent was usually allowed to run approximately 30 cm. 
For greater separation of the hemins the solvent may be allowed to drip 
off the end of the paper. With the basic solvents, paper-lined museum 
jars were used, and the solvent was allowed to ascend the paper to a height 
of 15 to 18 em. from the point at which the hemins were applied. 

The benzidine reaction was used to locate the hemin spots. The reagent 
was prepared by shaking an excess of solid benzidine hydrochloride with 
absolute methanol for 1 minute and allowing the benzidine to settle. To 
25 ml. of supernatant solution were added 12.5 ml. of distilled water, 5 
ml. of 3 per cent hydrogen peroxide, and 2.5 ml. of glacial acetic acid. The 
freshly prepared reagent was sprayed lightly on the dry papers, and the 
development of the blue spots was rapid. Since the paper and spots dis- 
color with time, it is desirable to outline the spots shortly after develop- 
ment. The reagent has remarkable sensitivity. A spot containing 0.006 y 
of hemin spread over an area of 1.5 cm. in diameter can be detected, 
while 0.05 to 0.1 y gives a very intense spot and was the concentration of 
hemin used in most of the studies. 


Results 


Both the acidic and basic solvent systems distinguish protohemin from 
the a type hemins, and the non-polar acid solvents distinguish protohemin 
from the hematohemins derived from cytochrome c. The formie acid- 
containing system (Fig. 1) can effect the separation of hemins a; and a», as 
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well as the hematohemins c; and ¢, from cytochrome c. Column 2, Fig. 1, 
shows the marked effect caused by the presence of contaminating lipides 
on the chromatographic behavior of the hemins. Although the prepara- 
tion of hemins from cytochrome oxidase, whose chromatography is il- 
lustrated in Fig. 1, still contains some polar lipides, it is obviously suf- 
ficiently free from interfering lipides to permit satisfactory separation of 
the hemins. 


2 3 


Fic. 1. Diagrammatic representation of hemin chromatography with the chloro- 
form-hexane-formic acid solvent system. Column 1, hemins of cytochrome oxidase 
preparation with excess lipides removed; Column 2, same as Column 1 but without 
removal of the lipides; Column 3, hemins from purified cytochrome c preparation; 
Column 4, same as Column 1 but the solvent was allowed to run off paper. Symbols, 
P = protohemin, A; = hemin a;, Az = hemin a2, C; = hematohemin cq, and C2 = 
hematohemin cz. 


There are certain disadvantages of the formic acid-containing solvent in 
contrast to the picric acid solvent.! The former is more sensitive to tem- 
perature changes, is less stable, and separates into two phases on standing. 
The picric acid solvent leaves the paper stained yellow, and, upon being 
sprayed with the benzidine reagent, the spots appear as brown areas on the 


1 The solvent systems employed in these studies were also applied to the porphy- 
rins. In the formic acid solvent, the free porphyrins did not move, and the methyl 
esters moved with very high Rr values. Uroporphyrin, the slowest moving of the 
porphyrins, had an Rp value of 0.82. The methyl esters of proto-, copro-, and uro- 
porphyrins were more successfully separated in benzene saturated with picric acid. 
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yellow background. This makes a permanent record, since the spots do 
not fade. The paper does not discolor, which is in contrast to the fading 
of spots and discoloration of the paper which occur with the other solvent 
systems. 

Fig. 2 illustrates the movements and separations of the various hemins 
in basic solvent systems. Of special interest is the comparison of the 
mobility of the hemins a (Columns 6 and 7) with protohemin and its mono- 
and diesters (Columns 1, 2, and 3). It is indicated that the hemins a 


LUTIDINE - HO PYRIDINE- 
NH,OH- 


ISOPROPYL 


ALCOHOL 


OA 
Co P YC 


0.4- 


0.2- 


! 2 3 4 5 6 7 8 9 

Fig. 2. Diagrammatic representation of hemin chromatography with basic solvent 
systems. Column 1, non-esterified protohemin (P); Column 2, monoester of proto- 
hemin (P,); Column 3, diester of protohemin (P2); Column 4, hematohemins from 
cytochrome c (C; and C2); Column 5, hemins from cytochrome oxidase preparation 
without removal of lipides (A; and Az); Column 6, same as Column 5 with lipides 
removed; Column 7, mixture of hemins A; Column 8, same preparation as Column 6; 
and Column 9, same preparation as Column 4. 


are weak acids moving in the system in the same manner as a monocar- 
boxylic acid hemin. It is to be noted that the basic solvent systems do 
not effect a separation of the two hemins a, but that the pyridine-N H,OH- 
isopropyl alcohol system produces a separation of the hematohemins c; and 
C2. In the basic as well as the acid systems, the presence of excess lipides 
(Column 5) prevents separation of the hemins. 

The chromatographic methods may be applied in a semiquantitative 
way to the hemins, which may be derived from a variety of tissues. Be- 
fore liberation of the hemins by acidified acetone, it is necessary to remove 
excess lipides by the method described. The hemins obtained from six 
different tissues of the rat were chromatographed in the benzene-isopropyl 
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alcohol-picric acid system. Maximal separation of protohemin from the 
hemins a was obtained when the concentration of isopropyl alcohol was 
4 per cent. 

Protohemin was the largest component present (Table I) in all the 
tissues investigated. These tissues also contained hemins which moved 
in the different solvent systems with FR, values identical with that of the 
hemins a. Finally, smaller amounts of a hemin with a very high Rr value 
could be detected in most of the tissues. This hemin appears to be the 
same as that previously isolated from heart muscle and is believed to be 
a protohemin ester of an unidentified lipide material (15). 


TABLE I 
Hemins Present in Acidified Acetone Extracts of Some Rat Tissues 
The tissues were freed from excess hemoglobin and lipide before extraction with 
acidified acetone, as deseribed in the text. The benzene-isopropyl alcohol-picric 
acid solvent system was used for chromatography. 


Tissue Protohemin, Ry = 0.5 | Hemins a, Ry = 0.2 “oa. 
Liver +4 4 +- 
Lung +++ 
Intestine +4444 + 
Heart muscle ++ 
Spleen +++ + + 


*Symbols: —, not detectable; +, detectable; + to +++4, increasing concen- 
trations present. 


DISCUSSION 


According to the proposed structures of porphyrin a, this compound is a 
dicarboxylic acid containing a formyl group and probably a long chain 
aliphatic group (16,17). It is interesting to note that, in the basic solvents 
in which the porphyrins move according to the number of carboxyl groups 
contained in the compound, the hemins a move as monocarboxylic acids. 
Conversely, in the non-polar acid solvent systems these compounds move 
with low Ry values, even though the presence of the aliphatic group should 
make them more soluble in the mobile non-polar solvent. This suggests 
that the structure of hemin a varies from protohemin not only in the ad- 
ditional formyl group and aliphatic chain but in the presence of another 
polar functional group. 

In a study of the porphyrins obtained from hemins extracted from ox 
kidney and liver as well as cow udder, Lemberg et al. (18) found that the 
porphyrin a derived from these tissues differed in its absorption spectrum 
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from that derived from heart muscle. Our results with rat tissues indicate 
that in two different solvent systems the hemins from the various tissues 
appear to have identical Ry values. In the visible region, these hemins 
also have absorption maxima in the same positions. Of the suggestions 
made by these authors, our results would support the belief that the 
apparent differences noted in the porphyrins were due to variations in 
tissue composition and the effects of impurities on the properties of the 
products observed. 

The same authors also found evidence for the presence of a _ proto- 
porphyrin ester in kidney. We have been able to isolate a protohemin 
ester from heart muscle (15), and this compound can be shown to be pres- 
ent in almost all the tissues of the rat, as noted in Table I. 

The multiple hemins obtained from a purified preparation of cytochrome 
c have been observed earlier (19, 20). The failure of Chu and Chu (10) 
to observe separation in their systems may be referable to the small yield 
of hemin obtained by the procedure employed in the cleavage. of the hemin 
from the protein, or to the method of detection of the hemin on the paper. 


SUMMARY 


Methods are outlined for the cleavage and extraction of the prosthetic 
groups from small amounts of hemoprotein preparations. ‘These methods 
for the extraction of the hemins make it possible to separate the hemins 
by paper chromatography. 

New acid solvent systems for the paper chromatography of the hemins 
are described. 

From a purified cytochrome c preparation two hemins could be identified 
by paper chromatography. The two hemins a previously reported (9) 
were also separable by these techniques. The hemin derived from catalase 
moved with Ry values identical with those of the hemin derived from 
hemoglobin. 

The separation of hemins from various rat tissues is demonstrated. 
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GLYCEROL PHOSPHATE DEHYDRASE 
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(Received for publication, April 1, 1957) 


Genetic and biochemical studies on Neurospora crassa and Escherichia 
coli have suggested the following pathway of histidine biosynthesis: 


(1) pv-erythro-Imidazoleglycerol phosphate — imidazoleacetol phosphate + H:2O 


(2) Imidazoleacetol phosphate + L-glutamate = 
L-histidinol phosphate + a-ketoglutarate 


(3) u-Histidinol phosphate + H.O — t-histidinol + inorganic phosphate 
(4) L-Histidinol + 2DPN! + H.O — .-histidine + 2DPNH + 2Ht 


Reaction 2 is catalyzed by the enzyme imidazoleacetol phosphate trans- 
aminase (1). Reaction 3 is catalyzed by the enzyme L-histidinol phosphate 
phosphatase (2). Reaction 4 is catalyzed by the enzyme L-histidinol de- 
hydrogenase (3, 4). 

This report is concerned with the purification and description of the 
enzyme from N. crassa catalyzing Reaction 1, the dehydration of D-erythro- 
imidazoleglycerol phosphate. This enzyme will be called imidazolegly- 
cerol phosphate dehydrase (IGP dehydrase). A preliminary report on 
this enzyme has appeared (5). The substrate used in these studies, 
p-erythro-imidazoleglycerol phosphate, has been synthesized chemically 
from p-ribose 5-phosphate and formamidine. 


H H 
HC—N HC—N 
CH CH 
C—N C—N 
| | 
HCOH CH, 
| | 
HCOH ==() 
CH,0—PO;H, 
p-erythro-Imidazoleglycerol Imidazoleacetol 
phosphate phosphate 


1 The following abbreviations will be used: DPN and DPNH, oxidized and reduced 
diphosphopyridine nucleotide, respectively; IGP, p-erythro-imidazoleglycerol phos- 
phate ester; IAP, imidazoleacetol phosphate ester. 
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Materials 


Chemicals—Barium p-ribose 5-phosphate-2H:O0 was purchased from 
the Schwarz Laboratories, Inc., Mount Vernon, New York; formamidine 
hydrochloride was purchased from Fluka A. G., Buchs, Switzerland. 
Triethanolamine (free base) and mercaptoethanol were obtained from the 
Eastman Kodak Company. Imidazoleacetol phosphate has been pre- 
pared in analytically pure form by a slight simplification? of the procedure 
previously described (1). A white powder, the inner salt of IAP, was 
obtained. 


CeH,O;sN2P. Calculated. C 32.78, H 4.12, N 12.73, P 14.05 
Found. ** 32.60, 4.00, 12.91, 13.76 


Neurospora Mutants—The various histidine-requiring mutants (6) were 
grown for 33 days in 16 liters of Fries minimal medium containing 1.6 
mmoles of L-histidine as previously described (2). Histidine is the growth- 
limiting component of the medium. The wild type was grown similarly 
except that histidine was omitted. The mold was stored at —20°. 


EXPERIMENTAL 


Determination of IGP by Periodate Oxidation—This is a modification of a 
method previously described (7). On periodate oxidation of IGP, or 
imidazoleglycerol, imidazoleformaldehyde is formed quantitatively and 
can be determined by its spectrum in alkali. Sodium metaperiodate (0.5 
ml. of a 0.1 m solution) is added to 0.1 ml. of a neutral or slightly acid solu- 
tion of IGP. The oxidation is complete after 10 minutes. Then, 1.0 ml. 
of 1.0 m ethylene glycol is added to decompose the excess periodate. After 
waiting for at least 3 minutes, 1.5 ml. of 0.1 N sodium hydroxide are added. 
The optical density of the solution is read at the maximal absorption 
(280 my) against a blank to which the IGP sample has been added after 
the addition of ethylene glycol. At 280 my and with a 1 em. light path, 
the optical density of 0.1 umole of IGP in 3.1 ml. is 0.465. 

An alternative periodate method is used when there is considerable 
absorption at 280 my in the blank. The imidazoleformaldehyde is ex- 
tracted into butanol which has been made alkaline with piperidine. The 
absorption maximum of imidazoleformaldehyde in butanol-piperidine is 
at 312 my. 0.3 ml. of the sample (neutral or slightly acid) and 0.5 ml. 


? The incubation mixture was similar to that previously described except that all 
the pyrophosphate buffer was omitted and the solution was adjusted to pH 8.0 with 
sodium hydroxide. For the isolation of the IAP the incubation mixture (including 
protein) was put directly on a 45 X 2.3 cm. Dowex 1 acetate column (X8, 200 to 400 
mesh). The column was washed with about 100 ml. of water. Gradient elution 
was used with 1 liter of water and 0.3 N acetic acid. Samples of 20 ml. were collected, 
immediately refrigerated, and the appropriate fractions were lyophilized. 
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of a 0.1 M sodium metaperiodate solution are allowed to react for 15 min- 
utes in a 12 ml. centrifuge tube. Then, 4.0 ml. of n-butanol,’ 0.2 ml. of 
piperidine, and 0.2 ml. of saturated sodium borate solution are added. 
The tube is shaken for 20 seconds and then centrifuged. The optical 
density at 310 my of the butanol layer is read against a blank containing 
water instead of sample. With a 1 cm. light path, 0.1 umole of IGP gives 
an optical density of 0.230. The removal of protein is not necessary. 

Isolation of IGP from Neurospora—IGP was isolated (7) from the his- 
tidine-requiring mutant C84, which lacks IGP dehydrase and accumu- 
lates large amounts of imidazoleglycerol and IGP. 850 gm. of the frozen 
mold (mutant C84) were ground in a Waring blendor with dry ice (see 
“Enzyme extract’’). The frozen powder was added slowly to 1700 ml. of 
boiling water and this suspension was allowed to boil gently for 5 minutes. 
The suspension was centrifuged and the supernatant liquid saved. The 
precipitate was extracted with 850 ml. of boiling water. This was again 
centrifuged and the precipitate discarded. The supernatant liquids were 
combined and brought to pH 9 with 5 N sodium hydroxide. The several 
liters of liquid were then passed overnight through a 3 cm. (diameter) X 
32 em. Dowex 1 acetate (X8, 200 to 400 mesh) column in the cold room. 
The IGP was eluted from the column at room temperature by using a 
gradient of 1 liter of water and 0.3 N acetic acid. 20 ml. fractions were 
collected. The IGP was localized by chromatographing an aliquot from 
each tube on paper (7) and then spraying with diazosulfanilic acid and 
alkali (8). Tubes 43 to 48 contained the IGP and these fractions were 
lyophilized. These tubes also contained a yellow-colored substance with 
a spectrum similar to that of riboflavin. The IGP was purified further 
on Dowex 1 acetate by gradient elution with 1 liter of water and 0.5 N 
ammonium acetate. The appropriate fractions were lyophilized. The 
IGP was chromatographed once more on Dowex 1 acetate by gradient 
elution of 1 liter of water and 0.2 N acetic acid. The tubes containing 
the IGP were lyophilized to give 80 mg. of a hygroscopic white powder, 
the inner salt of IGP monohydrate. The optical rotation was determined 
on a solution, 45 wmoles per ml.,4 which had been neutralized to pH 7 
with sodium hydroxide; [a];? —13.7°. 


Chemical Synthesis of IGP 


A variety of different conditions were tried in an attempt to obtain a 
direct synthesis of IGP from ribose 5-phosphate and formamidine hydro- 


3 Many brands of butanol showed excessive absorption in the ultraviolet. Merck 
reagent butanol (optical density 0.060 at 310 my) was satisfactory. 

4The IGP concentration was determined by the quantitative periodate method 
described. 
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chloride (NHz:—CH=NH-HCl). The reaction mixtures were analyzed 
for IGP by means of paper chromatography (7) and the quantitative 
periodate assay. 

In formamide and formamide-pyridine mixtures, yields of 1 per cent 
were obtained. Water was found to be the preferred solvent, however, 
and in water formamidine hydrochloride and ribose 5-phosphate react to 
form IGP quite readily. At a pH near neutrality a yield of about 20 per 
cent (based on the ribose phosphate) was obtained. The reaction will 
take place at 55° over a period of days, but a time of about 15 hours at 
80° was found to be convenient, higher temperatures causing the solution 
to turn a very dark brown. The product has been isolated by means of 
ion exchange columns. 

Synthesis—Barium ribose 5-phosphate-2H.O (2927 mg., 7.3 mmoles) 
and formamidine hydrochloride (6540 mg., 81.1 mmoles) were dissolved 
in water to give 250 ml. of a clear colorless solution of about pH 6. The 
solution contained in a 250 ml. stoppered volumetric flask was placed in 
an 80° oven for 15 hours. The temperature, time, or amount of water, 
and exact ratio of formamidine to ribose phosphate are not critical. After 
4 hours about 0.5 mmole of IGP had been formed. After 15 hours the 
solution contained 1.5 mmoles of IGP and was a reddish brown color. 

Isolatton—The reaction solution was put directly on a 2.2 cm. (diame- 
ter) X 43 cm. Dowex 50 W (X8, 200 to 400 mesh) column in the hydrogen 
form. Formic acid (3 N) was used as an eluting solution. Fractions of 
20 ml. were taken and the first tube containing colored material was con- 
sidered to be the front. The fractions in Tubes 21 to 37 contained the 
IGP as determined qualitatively by a diazo reaction in a spot plate and 
quantitatively by a periodate assay. Fractions from Tubes 51 to 53 gave 
a slight pink color with diazo reagent as contrasted to the orange color 
obtained with IGP. These fractions did not give the periodate test and 
were not investigated further. Those fractions containing more than 15 
umoles of IGP (Tubes 22 to 36) were combined and lyophilized. The 
light brown hygroscopic powder was taken up in 10 ml. of water and 1 ml. 
of 1.0 n NaOH to give a solution of about pH 6. This was put on a 2.5 
cm. (diameter) X 41 cm. column of Dowex 1 (X8, 200 to 400 mesh) in the 
acetate form. Gradient elution with 1 liter of water and 0.15 N acetic 
acid was used. 20 ml. fractions were collected. All the brown color 
stayed at the top of the column and the IGP came out in Tubes 27 to 41. 
Tubes 14 and 15 contained a trace of imidazoleglycerol, while Tubes 43 
and 44 contained a trace of a diazo-reacting substance not giving a per- 
iodate test. The liquid in Tubes 22 to 41 was lyophilized to give 252 
mg. (985 uwmoles) of a stable white powder of IGP monohydrate. 

Characterization—The synthetic IGP is indistinguishable from natural 
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p-erythro-imidazoleglycerol phosphate ester monohydrate, which has 
been previously described (7), on the basis of enzymatic activity, optical 
rotation, and chemical tests. 


C.H:,06N2P-H:20. Calculated. C 28.13, H 5.11, N 10.94, P 12.09, H,20 7.03 
Found.§ ** 27.90, 5.12, 10.96, 12.06, 6.86 


On treating with periodate 0.0288 mg. (0.112 umole) of synthetic IGP-- 
H.O gave 0.114 umole of imidazoleformaldehyde, as determined by the 
extinction at 280 my, the absorption maximum. Upon incubating with 
an excess of purified IGP dehydrase 0.093 umole of synthetic IGP gave 
0.085 umole of IAP, as compared with 0.096 umole from 0.10 umole of 
natural IGP. The optical rotation of a solution of synthetic IGP (99.5 
umoles per ml., adjusted to pH 7 with sodium hydroxide) was [a];” 
—12.1°, as compared to [a]?? —13.7° for isolated IGP (45 umoles per 
ml., pH 7). The Ry values in the propanol-NH; and methanol-chloro- 
form-formic acid solvents (7) and chromatographic behavior on Dowex 50 
and Dowex 1 were the same. 

Homologous Syntheses—Formamidine will also react with ribose, fructose, 
glucose, and mannose to give the corresponding imidazoles. 10 mg. of 
formamidine hydrochloride and 5 mg. of p-ribose in 0.25 ml. of 0.3 mM po- 
tassium phosphate buffer, pH 6.8, were heated at 100° for 2 days in a 
sealed tube. On chromatography of the mixture in propanol-NH3; one 
diazo-reacting spot, with the same Ry, value and color (9) as reference 
imidazoleglycerol, was observed. <A periodate test on the crude mixture 
also indicated the presence of imidazoleglycerol. No imidazoleglycerol 
production was observed when water was substituted for phosphate buffer 
in the synthesis. Similar experiments with fructose, mannose, and glucose 
yielded, in the presence of phosphate buffer, diazo-reacting spots corre- 
sponding to p-arabino-tetrahydroxybutane imidazole. Fructose gave 
more product than the other sugars under comparable conditions. No 
reaction was observed without buffer. 


Preparation of IGP Dehydrase 


Enzyme Assay—The activity of IGP dehydrase in forming IAP from 
IGP was determined by measuring the absorption in alkaline solution of 
the IAP formed (1). A unit of enzyme is defined as the amount of enzyme 
that forms 1 umole of IAP per hour under the conditions described below. 
The enzyme assay tube containing 35 umoles of triethanolamine-HCl 
buffer (pH 7.5), 58 umoles of 2-mercaptoethanol, 0.27 umole of manganese 

5 The analyses were done under the direction of Dr. W. C. Alford of this Institute. 


6 We are indebted to Dr. P. M. Ruoff for asample of this compound. In propanol- 
NH; the Rp value was 0.39 while imidazoleglycerol had an Rp of 0.46. 
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chloride, and enzyme, in a total volume of 0.37 ml., was preincubated for 
10 minutes. At zero time 0.03 ml. of a 0.1 m solution of IGP (adjusted 
to pH 7 with NaOH) was added to start the reaction. After 30 minutes 
at 30° the reaction was stopped with 0.1 ml. of 1.0m perchloric acid. IAP 
was determined by measuring the absorption at 280 my 2 minutes after 
the addition of 2.5 ml. of 5.0 N NaOH to the acidified reaction mixture. 
A blank incubation mixture to which water had been added instead of 
IGP was used. A small correction for IGP absorption was determined 
for each new batch of IGP. The extinction coefficient for IAP at 280 
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ML. DEHYDRASE SOLUTION 


Fic. 1. The relation of the reaction rate to the concentration of enzyme. The 
assays were as described under ‘“‘Enzyme assay.’’ The enzyme was a 0 to 45 per cent 


ammonium sulfate fraction of an extract of the wild type mold and had a protein | 


concentration of 10 mg. per ml. 


my under these conditions is 7860. The proportionality of reaction rate 
to enzyme concentration is shown in Fig. 1. 

Enzyme Extract —The frozen mycelium of the wild type mold 5297a 
(303 gm.) was pulverized in a Waring blendor with about an equal volume 
of dry ice (2). The blendor had been previously cooled by grinding dry 
ice.’ The frozen powder was transferred to polyethylene centrifuge tubes 
and allowed to thaw. All subsequent operations were carried out at 0°. 
The thawed material was centrifuged for 15 minutes at 35,000 & g and 
the small volume of supernatant liquid was collected. The residue was 
extracted with 200 ml. of 0.1 mM triethanolamine-HCl buffer, pH 7.1, the 
mixture recentrifuged, and the supernatant solutions combined. 90 ml. 
of the buffer were added to the combined solution and the solution then 


7 During this operation the mold should not be allowed to thaw. 
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was made 0.01 m with respect to mercaptoethanol. 450 ml. of extract, 
pH 6.5, containing 16.9 mg. per ml. of protein were obtained. 

Ammonium Sulfate I—To 450 ml. of extract 90 gm. of ammonium sul- 
fate were added slowly with stirring. The material was centrifuged, the 
supernatant liquid was collected, and the precipitate was discarded. 30 
gm. of ammonium sulfate were added to the supernatant solution with 
stirring and the material was centrifuged as before. The supernatant 
liquid was discarded. The precipitate was dissolved in 10 ml. of 0.1 mM 
triethanolamine-HCl buffer, pH 7.1, which was 0.1 m with respect to mer- 
captoethanol, to give 14.3 ml. of Ammonium Sulfate I. 

Charcoal-Gel Treatment—To 14.3 ml. of Ammonium Sulfate I were 
added 26.3 ml. of an activated charcoal (Norit A) suspension in water (113 
mg. per ml., pH 5.4) and 52.6 ml. of calcium phosphate gel (10) (12.0 mg. 


I 
Summary of Enzyme Purification Data 


The procedure is described in the text. Protein was determined by the procedure 
of Sutherland et al. (11). 


Fraction Volume Protein Enzyme 
ml. meg. unils units per mg. 
Ammonium Sulfate I.. ...... 14.3 1216 1660 1.4 
Charcoal-Gel................. 81.4 424 1860 4.4 
Ammonium Sulfate II........ 3.6 77 904 11.7 


per ml., pH 5.6). This was stirred in an ice bath for 5 minutes and then 
centrifuged. The residue was discarded. The 81.4 ml. of Charcoal-Gel 
supernatant solution was pH 5.4. 

Ammonium Sulfate II—To 80.0 ml. of the Charcoal-Gel solution 16.0 
gm. of ammonium sulfate were added slowly with stirring. The material 
was centrifuged and the precipitate discarded. ‘To the supernatant solu- 
tion were added 2.8 gm. of ammonium sulfate. The material was then 
centrifuged as before and the supernatant liquid discarded. The precipi- 
tate was dissolved in 0.1 m triethanolamine-HCl buffer, pH 7.5, to give 
3.6 ml. of Ammonium Sulfate II. A summary of the purification data is 
given in Table I. 


Properties of IGP Dehydrase 


Stoichiometry—Imidazoleglycerol phosphate was incubated with an ex- 
tract of wild type Neurospora for various times and the different incubation 
mixtures were chromatographed on paper with a methanol-chloroform- 
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formic acid solvent (7). IGP disappeared with time, while a new imidazole 
appeared which was indistinguishable from that of IAP. The new sub- 
stance had the same Fy value as IAP, gave a characteristic color with a 
diazosulfanilic acid spray, and turned grey-green on spraying with CuSO, 
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Fic. 2. The absorption spectrum of imidazoleacetol phosphate in strong alkali 
(@) and the absorption spectrum of the reaction product in strong alkali (O). Each 
spectrum was taken in a Beckman DU spectrophotometer within a period of 5 min- 
utes from the addition of 2.6 ml. of 5 N NaOH to the incubation mixture. The IAP 
solution (0.1 wmole) was incubated for 15 minutes with the same triethanolamine- 
mercaptoethanol-manganese buffer as was in the reaction mixture. The reaction 
mixture was similar to that of the enzyme assay; 0.2 umole of IGP was present with 
0.003 ml. of Ammonium Sulfate II enzyme in a total volume of 0.4 ml. and the incu- 
bation was for 15 minutes. The blanks contained water instead of the IGP and IAP. 
It was not possible to read below 271 my because of the high absorption at lower wave 
lengths of the mercaptoethanol and manganese in strong alkali. 

Fiac. 3. The relationship of the molarity of mercaptoethanol to the reaction rate. 
The conditions are the same as those under ‘‘E-nzyme assay’’ except that the mercap- 
toethanol concentration was varied. Enzyme purified through the Charcoal-Gel 
step was used (0.05 mg.). 


(7). The spectrum of the reaction product in alkali is the same as that 
of IAP with an absorption maximum at about 280 my (Fig. 2). On incu- 
bating 0.100 umole of a sample of natural IGP with an excess of enzyme, 
0.096 umole of IAP was formed. Attempts to demonstrate a reversal of 
the reaction, both with and without manganese, were unsuccessful. 
Sulfhydryl Activation—IGP dehydrase has little activity in the absence 
of reducing agent. Cysteine, mercaptoethylamine, and mercaptoethanol 
are all effective, mercaptoethanol causing the least interference in the 
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assay. At a mercaptoethanol concentration of 0.14 M, it is not necessary 
to run the reaction under nitrogen. Fig. 3 shows the relationship of mer- 
captoethanol concentration to reaction rate. 

Manganese Activation—The activity lost by the dehydrase on purifica- 
tion is restored if the incubation mixture is made 7 X 10~‘ m with respect 
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Fig. 4. The relationship of the manganese chloride concentration to the reaction 
rate. The 0.4 ml. incubation mixtures were the same as those under ‘‘Enzyme as- 
say”? except that the manganese chloride concentration was varied. Enzyme puri- 
fied through the Ammonium Sulfate II stage was used (0.02 mg.). 

Fic. 5. The pH optimum of IGP dehydrase. The pH values of duplicate incuba- 
tion mixtures were measured with a Cambridge pH meter. The incubation mixtures 
were the same as those under ‘‘Enzyme assay” except that the pH of the triethanol- 
amine-HCl buffer was varied. The enzyme was purified through the Ammonium 
Sulfate II stage. 


to MnCle. Magnesium, nickel, cadmium, ferrous, and cobaltous ions 
were tested at 10-* m and 10-5 m and were inactive. Ethylenediamine- 
tetraacetate (1.1 & 10-* m) in a slight excess over the MnCl, inhibited 
the reaction completely. The relationship of manganous ion concentra- 
tion to reaction rate is shown in Fig. 4. 

pH Optimum—tThe effect of the pH on the rate of IAP formation is 
demonstrated in Fig. 5. No attempt was made to determine whether the 
enzyme was saturated with IGP at pH values other than the optimum. 
The pH optimum is at 7.5. 
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Fic. 6. A, the relationship of the imidazoleglycerol phosphate concentration to 


the reaction rate. 


1000 


2000 3000 4000 


The conditions are similar to those described for the enzyme 


assay. Enzyme purified through the Ammonium Sulfate II stage was used (0.02 
mg.). 8B, the reciprocal plot of the data presented in A. 


TaBLeE II 


Specific Activity of IGP Dehydrase in Mutant Extracts 


Strain No. Apparent block of 

unit per mg. protein 
5297 Wild type 0.23 
C94 Prior to imidazole rin 0.46 
C140 ot 0 23 
C84 Dehydrase 0.00 
C91 6a 0.00 
C84R4 0.00 
C141 Phosphatase 0.16 
T1710 Dehydrogenase 0.19 


* 20 gm. of each of the strains were ground in a blendor while frozen, as described 
previously. The frozen powder from each strain was put in a 50 ml. centrifuge tube 
and allowed to thaw. 
liquid collected. The residue was extracted with 20 ml. of 0.1 M triethanolamine- 
HCl buffer, pH 7.5, the mixture centrifuged, and the supernatant liquid combined 


with that from the first centrifugation. 


The thawed material was centrifuged and the supernatant 


The combined supernatant liquids were 


then assayed for protein and dehydrase activity as previously described. The pH 
of the extract was about 6.9 in each case and the extracts contained about 20 mg. 


of protein per ml. 
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Effect of Substrate Concentration—The effect on the reaction rate of vary- 
ing concentrations of imidazoleglycerol phosphate was determined (Fig. 
6, A). The same results have been plotted according to Lineweaver and 
Burk (12) for the determination of a A,, value (Fig. 6, B). The K, is 
24 xX 10-*M. 


Enzyme Activity of Mutant Strains 


Mutant Extracts—The various genetically distinct histidine-requiring 
mutants were tested for IGP dehydrase activity. The mutants were 
grown as described under ‘‘Materials.”” No activity could be detected in 
mutant C84, which accumulates IGP, while all the other genetically dis- 
tinct mutants and the wild type had activity. A reisolate of mutant C84 
outcrossed to wild type 4, mutant® C84R4, is also missing the dehydrase 
as is mutant C91 which is genetically allelic to mutant C84 (6) and also 
accumulates IGP. The specific activities of the mutant extracts are 
shown in Table II. 

Ammonium Sulfate Fractions—In order to establish further the minimal 
level of dehydrase in mutant C84, and to rule out inhibitors in the crude 
extract, the wild type and mutant C84 extracts were fractionated with 
ammonium sulfate. The specific activity of a 0 to 44 per cent ammonium 
sulfate fraction of wild type was 0.89 as compared to less than 0.007 for 
mutant C84. No activity could be detected in the 44 to 84 per cent satu- 
ration fractions. 


DISCUSSION 


Mutants C84 and C91 were isolated on the basis of their histidine re- 
quirement for growth (6). These mutant genes were indistinguishable 
genetically and were found to be at the same functional locus on one of 
the chromosomes (6). Mutation at this chromosome locus in these mu- 
tants is associated with several changes in metabolism from that of the 
wild type mold. It appears that the primary metabolic change is the 
lack of a functional dehydrase, which by interrupting the biosynthesis of 
histidine at the IGP-IAP step results in the growth requirement for his- 
tidine and the accumulation of IGP, the enzyme substrate. Other his- 
tidine-requiring mutants, which are genetically different from mutants 
C84 and C91, appear to be blocked at other enzymes in the biosynthesis 
(2). Each mutant characteristically accumulates precursors before the 
blocked enzyme. 

The cofactor requirements of IGP dehydrase (a reducing agent and 
manganese) are similar to those of other dehydrases. A 6-phosphoglu- 


8 We are indebted to Mrs. M. B. Mitchell for this reisolate. 
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conate dehydrase described by Kovachevich and Wood (13) requires a 
thiol-reducing agent and ferrous, magnesium, or manganese ions. Aconi- 
tase requires a thiol compound and ferrous ions for maximal activity (14). 

The chemical synthesis of imidazoles from sugars and formamidine seems 
to be a new type of reaction. Imidazolones have been synthesized pre- 
viously, however, by allowing substituted amidines such as benzamidine 
or acetamidine to react with a-keto aldehydes (15). The IGP synthesis 
is interesting in that it takes place in aqueous solutions at about pH 6 and 
at moderate temperatures. Inorganic phosphate accelerates the reaction 
markedly in the case of the free sugars. Opening of the hemiacetal ring in 
sugars appears to be catalyzed by phosphate (16, 17) and this would seem 
to be necessary for the reaction. Under slightly acid conditions a variety 
of sugars will react with amines to form amine glycosides which then un- 
dergo an Amadori rearrangement to give the N-substituted l-amino-l- 
deoxy-2-ketoses (18, 19). In the IGP synthesis, by analogy, it seems 
likely that formamidine ribotide is formed which rearranges to 1-formami- 
dino-1-deoxyribulose 5-phosphate which would then cyclize to form IGP. 

The optical configuration of natural imidazoleglycerol was established © 
as D-erythro by the synthesis of p-erythro-imidazoleglycerol from p-arabi- 
nose. The observation that imidazoleglycerol phosphate synthesized 
from pD-ribose 5-phosphate, which would be expected to be the p-erythro 
configuration, is identical with natural IGP is further evidence for the 
p-erythro configuration. 


SUMMARY 


1. An enzyme from Neurospora crassa, v-erythro-imidazoleglycerol 
phosphate dehydrase, has been purified about 35-fold. This enzyme cata- 
lyzes the dehydration of imidazoleglycerol phosphate to form imidazole- 
acetol phosphate. 

2. The enzyme requires manganese and a reducing agent such as mer- 
captoethanol for activity. The pH optimum is 7.5 in triethanolamine 
buffer. The K,, value for imidazoleglycerol phosphate is 2.4 K 1074 M. 

3. Mutant C84, which requires histidine and accumulates imidazole- 
glycerol phosphate, has less than 1 per cent of the activity of the wild type 
Neurospora for the dehydrase. Other genetically distinct mutants blocked 
at different points in the biosynthesis contain the dehydrase. 

4. p-erythro-Imidazoleglycerol phosphate has been chemically syn- 
thesized in one step from p-ribose 5-phosphate and formamidine hydro- 
chloride. This synthetic material is identical with imidazoleglycerol phos- 
phate accumulated by mutant C84. Preliminary evidence indicates that 
this chemical synthesis can be extended to several other sugars. 
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CREATINE AND CREATINE PHOSPHATE IN NORMAL 
AND PROTEIN-DEPLETED RATS* 


By JOHN F. VAN PILSUM 


(From the Department of Physiological Chemistry, The Medical School, 
University of Minnesota, Minneapolis, Minnesota) 


(Received for publication, March 21, 1957) 


Transamidination is the first step in creatine synthesis and it has been 
reported that kidneys from rats fed a protein-free diet for 12 days have 
in vitro only 24 per cent of the transamidinase activity found in kidneys 
from rats fed a complete diet (1). Transamidinase activity was not found 
in any tissue other than kidney. 

If the kidney activity zn vitro is any indication of the activity in vivo, 
protein-depleted rats should have a decreased body creatine and creatine 
phosphate content. An assay for creatine phosphate was developed. Jn 
vitro, kidneys from weanling rats fed a protein-free diet for 16 days had 
only 15 per cent of the transamidinase activity found in kidneys of control 
rats. Rats fed the protein-free diet showed no decrease in body creatine 
or creatine phosphate levels. 


Methods 
Assay for Creatine and Creatine Phosphate 


The rats were killed by immersion in liquid nitrogen; the frozen car- 
casses were ground in a chilled meat grinder. All subsequent steps were 
made in a cold room at 4°. The frozen ground tissue was blended with 9 
parts, by weight, of cold 0.6 N perchloric acid in a Waring blendor and the 
mixture was filtered. The protein-free filtrate was neutralized to pH 7 
to 8 by adding dropwise 20 per cent KOH which precipitated much of the 
excess perchloric acid as its potassium salt. The KClO, was removed by 
filtration and an aliquot of the neutralized filtrate was withdrawn and 
diluted 1:10 with distilled water (Solution C). Another aliquot of the 
neutralized filtrate (1 to 10 ml.) was allowed to run through a column (1.5 
X 5 em.) containing Dowex 50 ion exchange resin (50 to 100 mesh). The 
resin was washed with 10 ml. of cold distilled water and this wash was 
added to the eluate (Solution C-P). Solution C contains both creatine 
and creatine phosphate, while Solution C-P contains only creatine phos- 


* This work was supported in part by a research grant (No. A-883) to the Uni- 
versity of Minnesota from the National Institute of Arthritis and Metabolic Dis- 
eases of the National Institutes of Health, Public Health Service. 
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phate. The creatine content of Solution C and of Solution C-P was de- 
termined by the method of Van Pilsum et al. (2). 


Dietary Regimen 


The complete diet and protein-free diet were as reported previously (1). 
In addition, a protein-free diet plus 0.8 per cent of arginine and of glycine 
was fed. Male weanling albino rats were housed in individual cages and 
given food and water ad libitum. The duration of the feeding experiment 
was 16 days, at which time some of the protein-deficient and protein- 
deficient plus arginine- and glycine-fed rats had expired. 


TABLE I 


Body Creatine and Creatine Phosphate and Kidney Transamidinase 
Activity in Normal and Protein-Depleted Rats 


Kidney | 
Average | Average Body crea-| Creatine 
Diet starting final Pall a tine phos- las creatine 
weight weight activity phate* | phosphate 
gm. gm. unitst 100 "00 per cent 
40 32 4.0 150 30 20 
+ arginine and 
40 35 4.3 160 37 23 
40 85 26.0 155 38 24 


* xpressed as creatine. 
7 1 unit of activity is expressed as 1 wymole of guanidinoacetic acid produced per 


gm. of kidney (wet weight) per hour. 


Enzyme Assay 


Kidney transamidinase assay was as reported previously (1). The ani- 
mals were killed by a sharp blow on the head, their kidneys were removed, 
and the homogenate was prepared in a Potter-Elvehjem homogenizer. 


Results 


The protein-depleted rats were near death at the time of sacrifice. ‘Their 
kidney transamidinase activity had decreased to 15 per cent of normal, yet 
there was no decrease in their creatine and creatine phosphate content 
(Table I). Nitrogen analysis of the kidneys and carcass showed no change 
in per cent nitrogen with protein depletion. 


DISCUSSION 


A variety of methods are available for the determination of creatine 
phosphate (3-13). A procedure often used is the measurement of the in- 
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organic phosphate liberated from creatine phosphate by acid hydrolysis in 
which partial hydrolysis of other organic phosphates exaggerates the values. 
The separation of creatine phosphate from creatine and the measurement 
of the creatine moiety of the creatine phosphate circumvent this difficulty. 

95 to 100 per cent recoveries of creatine phosphate added to the tissue- 
perchloric acid homogenate were obtained. Large amounts of creatine 
may be added to the homogenate without interference. The columns will 
retain at least 3 mg. of creatine, an amount far in excess of that in the tissue 
extract aliquot run over the column. The columns may be used indefi- 
nitely; they merely need to be washed with 1 nN HCl and distilled water 
after each run. 

The data in Table I indicate that the 15 per cent residual transamidinase 
activity is sufficient to maintain synthesis of guanidinoacetic acid for 
creatine formation. Similar observations were made by Williams eé al. 
(14) and Bass et al. (15) with xanthine oxidase. Protein depletion pro- 
duces a disappearance of liver xanthine oxidase activity in vitro with little 
change in the urinary excretion of uric acid and allantoin. Westerfeld 
and Richert (16) have calculated that with protein depletion the entire 
rat lost three-fourths or more of its xanthine oxidase activity. These au- 
thors postulate that the residual activity is sufficient to maintain an ex- 
cretion of allantoin and uric acid. 


SUMMARY 


1. A method of analysis for creatine phosphate was developed. 

2. Weanling rats fed a protein-free diet for 16 days showed an 85 per 
cent decrease in kidney transamidinase activity with no change in total 
body creatine or creatine phosphate. 


The author wishes to thank Dr. H. P. Cohen for his suggestions con- 
cerning the use of perchloric acid. 
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PREPARATION AND PROPERTIES OF THE 
SUCCINATE-CLEAVING ENZYME* 


By GERALD R. SEAMAN 


(From the Carter Physiology Laboratory, University of 
Texas Medical Branch, Galveston, Texas) 


(Received for publication, February 4, 1957) 


A heavy particle fraction obtained from homogenates of the ciliated 
protozoan, Tetrahymena pyriformis, cleaves succinate to form acetyl 
CoA! (1). Coenzyme A, ATP, and DPN? are required for activity; 
Mg?** is stimulatory. The reverse reaction, the condensation of 2 moles 
of acetyl CoA to produce succinate, is also carried out by this fraction. 
Assay of several other tissues indicated significant activity, not only in 
other protozoa (2), but also in homogenates of rat brain, heart, liver, and 
skeletal muscle, and in extracts of Escherichia coli (1). Activity in rat 
kidney homogenates and in extracts of Streptococcus faecalis was slight. 

The present report reevaluates the assay of mammalian tissues and 
bacterial cells, and presents the purification and properties of the enzyme 
from Tetrahymena. 


EXPERIMENTAL 


Assay System—In earlier studies, assay of succinate-cleaving activity 
was measured as acethydroxamic acid formation in mixtures containing 
the lactate-lactic dehydrogenase system as the DPN* reductant (Reac- 
tion 1) and hydroxylamine as the chemical trapping agent for acetyl 
groups formed (Reaction 2). If the succinate-cleaving reaction is formu- 
lated as Reaction 3, the sum is as indicated in Reaction 4. 


(1) Lactate + DPN*+ = pyruvate + DPNH + Ht 
(2) 2 acetyl CoA + 2 hydroxylamine — 2 acethydroxamic acid + 2CoA 


(3) Succinate + 2ATP + 2CoA + DPNH + H+ 2 
2 acetyl CoA + 2ADP + 2P; + DPN*t 


(4) Sum, succinate + lactate + 2 hydroxylamine + 2 ATP — 
pyruvate + 2ADP + 2P; + 2 acethydroxamic acid 


* This investigation was aided by grant No. E-159 from the National Institute of 
Allergy and Infectious Diseases, United States Public Health Service. 

1 The following abbreviations are used: CoA, coenzyme A; DPN*t and DPNH, 
oxidized and reduced diphosphopyridine nucleotide; TPN*, oxidized triphospho- 
pyridine nucleotide; ATP, adenosine triphosphate; ADP, adenosine diphosphate; 
Pj, inorganic orthophosphate; Tris, tris(hydroxymethyl)aminomethane; GSH, glu- 
tathione. 
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The assay mixtures also contained malonate to block succinate oxidation 
via succinic dehydrogenase and arsenite to prevent pyruvate oxidation. 
Balance studies with the Tetrahymena extract indicated that these in- 
hibitors are effective in preventing acetyl] CoA formation either from 
succinate by oxidation through the Krebs cycle or from oxidation of 
pyruvate which is produced by the activity of the added lactic dehy- 
drogenase. 

Further investigations revealed that the Tetrahymena fraction and the 
other protozoan extracts are low in pyruvic oxidase activity. This might 
explain the success of the inhibitors in preventing acetyl] CoA formation 
from sources other than from the direct cleavage of succinate. Since 
whole homogenates of mammalian tissues and bacterial extracts are 
generally rich in pyruvic oxidase activity, it appeared that the acethy- 
droxamic acid formation observed with these materials might be due in 
large measure to leakage through the malonate and arsenite blocks. Ac- 
cordingly, the assay mixture was altered by replacing the lactate-lactic 
dehydrogenase system with the formate-formic dehydrogenase system 
(Reaction 5). The over-all assay comprising Reactions 2, 3, and 5 is 
then as formulated in Reaction 6. 


(5) Formate + DPN+ @ CO, + DPNH + Ht 
(6) Sum, succinate + formate + 2 hydroxylamine + 2ATP — 
CO. + 2 acethydroxamic acid + 2ADP + 2P; 


Table I shows that substitution of the formate-formic dehydrogenase 
system for the lactate-lactic dehydrogenase system results in lower amounts 
of acethydroxamic acid formation by homogenates of rat tissues and by 
extracts of FE. coli. The close agreement in the values obtained by the 
two methods with extracts of Tetrahymena, Crithidia fasciculata, and S. 
faecalis appears to be the consequence of the low pyruvic oxidase activity 
of these materials; the S. faecalis extracts were prepared from cells grown 
in the absence of thioctic acid. A significant portion of the previously 
recorded acethydroxamic acid formation by these cells is thus probably 
the result of leakage through the arsenite block. The slight activity of 
these cells and tissues, in comparison with the high values obtained with 
the Tetrahymena and Crithidia extracts, makes it difficult at present to 
assign a physiological function to the system in mammalian or bacterial 
cells. The results obtained by Swim and Krampitz (3) and by Gilvarg 
and Davis (4) indicate that EF. coli does not form succinate via condensa- 
tion of acetate. However, as pointed out previously (1), and as is again 
illustrated with the purified 7’etrahymena enzyme (see below), the rate of 
succinate cleavage by the enzyme far exceeds the rate of the reverse 
reaction, the formation of succinate by condensation of acetyl CoA. 
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The consistent high activity in protozoan extracts attests to the signifi- 
cance of the reaction in these cells. Accordingly, further studies have 
been carried out with the enzyme prepared from 7’. pyriformis. 

The basic assay system used is that indicated as Mixture B in Table I. 
However, in the course of purification the ciliate enzyme becomes free 
from succinic dehydrogenase and pyruvic oxidase activity. Thus, with 


TABLE I 
Comparison of Assay System for Succinate Cleavage Activity 


Acethydroxamic acid formed per 10 mg. of protein 
Tissue 
Mixture A Mixture B 

umoles umoles 
0.13 0.09 


Mixture A contained, in a volume of 1.0 ml., 200 zmoles of succinate, 0.031 umole 
of CoA, 50 umoles of KF, 12 umoles of K ATP, 1.5 umoles of MgCl:2, 400 umoles of 
neutralized hydroxylamine, 15 wmoles of GSH, 100 wmoles of Tris buffer, pH 8.4, 
0.15 umole of DPN*, 500 units of lactic dehydrogenase, 20 umoles of lithium lactate, 
100 zmoles of sodium arsenite, 200 zmoles of sodium malonate, and dialyzed rat tissue 
homogenate or microbial extract as indicated. Mixture B was the same as Mixture 
A, except that 500 units of formic dehydrogenase and 20 umoles of potassium formate 
replaced lactic dehydrogenase and lactate. Incubations with mammalian tissues 
were at 37° and with microbial extracts at 27°. All incubations were for 90 minutes. 


Fractions 4 and 5, malonate and arsenite are omitted from the assay 
mixtures. 

1 unit of enzyme is that amount which forms 1 ymole of acethydroxamic 
acid in 90 minutes under these conditions. Specific activity is expressed 
as units of enzyme activity per mg. of protein. 

Preparation of Enzyme—T. pyriformis, strain S, is grown as previously 
described (5) in media containing 1 per cent bacteriological peptone, 
0.1 per cent yeast extract, 1 per cent glucose, and a small amount of 
Dow-Corning antifoam A. Harvesting and all subsequent manipula- 
tions, unless indicated otherwise, are carried out at 4°. After collection 
by passage through a Sharples supercentrifuge, the cells are washed three 
times with 20 volumes of cold 0.1 m phosphate buffer, pH 7.4. The 
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washed cells are homogenized by five passages through a Logeman hand 
colloid mill and the heavy particles are separated by centrifugation at 
1000 X g for 15 minutes. The resulting precipitate is frozen and thawed 
seven to ten times and is clarified by centrifugation at 12,000 X g for 
15 minutes. The yield from 100 liters of medium is approximately 100 
ml. of extract. Several batches of extract at this stage are accumulated as 
material for further purification. The extract may be stored in the deep 
freeze for several months with little or no loss of activity. 

The extract is diluted with 0.05 m phosphate buffer, pH 7.4, to a protein 
concentration of approximately 10 mg. per ml. Powdered ammonium 
sulfate (11.34 gm. per 100 ml.) is added slowly, with stirring, to give 0.21 
saturation.? After removal of the resultant precipitate by centrifugation 
at 12,000 X g for 15 minutes, the supernatant fluid is brought to 0.42 
saturation by the slow addition of 12.11 gm. of ammonium sulfate per 
100 ml. The precipitate recovered by centrifugation at 12,000 X g for 
15 minutes is dissolved in a sufficient volume of 0.01 m Tris buffer, pH 
8.4, to give a protein concentration of approximately 10 mg. per ml. 

The 0.21 to 0.42 ammonium sulfate fraction is then immediately brought 
to 0.28 saturation by the careful addition of 15.02 gm. of solid ammonium 
sulfate per 100 ml. Since the 0.21 to 0.42 fraction is not dialyzed before 
addition of this amount of ammonium sulfate, the actual degree of satura- 
tion achieved is, of course, a bit in excess of 0.28. However, since the 
0.20 to 0.40 precipitate is diluted with rather large amounts of Tris buffer, 
this error is minimal. The resultant precipitate is removed by centrifuga- 
tion as before and the supernatant fluid is brought to approximately 0.38 
saturation by the addition of 5.97 gm. of solid ammonium sulfate per 
100 ml. The resulting precipitate is collected by centrifugation, dissolved 
in a small amount of 0.01 m Tris buffer, pH 8.4, and dialyzed overnight 
against a solution containing 0.01 m Tris buffer, pH 8.4, and 0.001 m 
cysteine. 

The dialyzed enzyme is diluted with 0.01 m Tris buffer, pH 8.4, to a 
protein concentration of 3.5 mg. per ml. Acetone (75 ml. per 50 ml. of 
enzyme solution) at —15° is added slowly with stirring. The temperature 
is allowed to drop gradually and is then maintained at —15° during the 
addition. The precipitate is recovered by centrifugation at 12,000 X g 
for 15 minutes at —15° and is dissolved in a minimal amount of 0.01 M 
Tris buffer, pH 8.4. The enzyme is then dialyzed overnight at 40° against 
a solution of 0.01 m Tris buffer, pH 8.4, containing 0.001 m cysteine. 

After dialysis, the protein content of the solution is adjusted to 2 mg. 


2 The equation of Kunitz (6), modified to apply at 0°, was used in calculating per- 
centage saturation of ammonium sulfate. At this temperature the formula becomes 


(50.3(S2 — — (0.28S2)). 
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per ml. with 0.01 m Tris buffer, pH 8.4, and 4 ml. of calcium phosphate 
gel (3.5 mg. of dry weight per ml.) are added for each 10 mg. of protein. 
After stirring for 5 minutes the gel is collected by centrifugation. The 
supernatant fluid is saved for a second gel treatment. The enzyme is 
eluted from the gel collected from the first treatment by the addition of 1 
ml. of 0.1 m Tris buffer, pH 8.4. After being stirred, the gel is removed by 
centrifugation and the elution is repeated twice more. The supernatant 
fluid saved from the first gel procedure is mixed with an additional 10.8 
ml. of calcium phosphate gel for each 10 mg. of protein in the supernatant 
solution. After being stirred for 10 minutes, the gel is collected by centri- 
fugation and the enzyme eluted by four successive treatments with 1 ml. 
of 0.1 m Tris buffer, pH 8.4. The seven eluates, four from the second gel 
treatment and the three from the first gel treatment, are each assayed and 


TaBLeE II 
Purification of Succinate-Cleaving Enzyme from Tetrahymena 
The assay systems used with the various fractions are indicated in the text. 


Volume | Total units Recovery 
ml. ~ per cent 

1 Heavy particle extract 270 1455 0.23 100 

2 NH,SO, I 110 1234 1.00 85 

3 si II 88 1012 1.82 69 

4 Acetone 24 721 6.4 49 

5 Gel eluate 3.2 246 34.2 17 


the three fractions showing highest specific activity are combined. The 
combined eluates are dialyzed overnight against 0.05 m Tris buffer, pH 
8.4, containing 0.001 mM cysteine. The procedure for the partial purification 
of the enzyme is summarized in Table II. 

The purified enzyme is stable to freezing, and has been stored in the 
deep freeze for periods as long as 6 months without significant loss of 
activity. 

Requirements of Reaction—Table III shows the absolute requirement 
for CoA, ATP, and substrate. The requirement for DPNH is evident 
since there is no acethydroxamic acid formation either in the absence of 
added DPN+ or when substrate for the DPNH-producing system (formate) 
is omitted. Magnesium ions can be replaced by Mntt. TPNH does 
not replace DPNH; in this experiment the lactate-lactic dehydrogenase 
system, which also reduces TPN* (7), was supplied in place of the formate- 
formic dehydrogenase system. 

Stoichiometry of Reaction—The experiments illustrated in Table IV 
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demonstrate that the stoichiometry of the succinate-cleaving reaction is as 
indicated in Reaction 3. Since the purified enzyme is free from myokinase 


TaBLeE III 
Requirements of Reaction 

Acethy- Acethy- 
Incubation mixture — Incubation mixture — 
formed formed 

pmoles pmoles 

2.74 | No Mg**, but 3.5 wumoles Mn**.......... 2.66 
0.02 | TPN* in place of DPN*T................ 0.18 


* DPN? included, but no formate or formic dehydrogenase. 

t In addition to DPN*, formate and formic dehydrogenase were omitted. These 
were replaced with 0.40 umole of TPN*, 20 umoles of lithium lactate, and 1200 units 
of lactic dehydrogenase. 

The complete incubation mixture contained, in a volume of 1.0 ml., 200 umoles 
of succinate, 0.031 umole of CoA, 50 umoles of KF, 12 umoles of K ATP, 1.5 ymoles 
of MgCl, 400 umoles of neutralized hydroxylamine, 15 umoles of GSH, 100 umoles 
of Tris buffer, pH 8.4, 0.15 wymole of DPNt, 500 units of formic dehydrogenase, 20 
umoles of potassium formate, and 0.08 mg. of enzyme protein of specific activity 34. 
Incubations were for 90 minutes at 27°. 


TaBLe LV 
Stoichiometry of Succinate-Cleaving Enzyme 
Experiment | 4 succinate |“ 2cethydrox-| 4 aTp 4 ADP | ADPNH | A citrate 
umole umoles umole pmoles pmoles umole umoles 
1 —3.6 +7.0 —7.3 +6.9 +7.2 —3.4 
2 —2.4 +5.1 +4.6 


Experiment 1, 1.5 ml. contained 20 wmoles of succinate, 0.047 umole of CoA, 70 
umoles of KF, 20 umoles of K ATP, 2.0 umoles of MgCl:, 400 umoles of neutralized 
hydroxylamine, 25 wmoles of GSH, 150 umoles of Tris buffer, pH 8.4, 15 uwmoles of 
DPNH, and 1 mg. of enzyme protein of specific activity 34.2. Incubation was at 
27° for 20 minutes. Experiment 2, 1.0 ml. contained 12 wmoles of succinate, 10 units 
of CoA, 50 umoles of KF, 15 umoles of K ATP, 1.5 umoles of MgCl», 15 umoles of GSH, 
100 uzmoles of Tris buffer, pH 8.4, 0.15 umole of DPNt, 1500 units of formic dehydro- 
genase, 20 umoles of potassium formate, 20 umoles of oxalacetic acid, 50 y of condens- 


ing enzyme, and 0.58 mg. of Tetrahymena enzyme protein of specific activity 34.2. 


Incubation was at 27° for 20 minutes. 


when assayed by the hexokinase procedure described by Colowick and 
Kalckar (8), the equimolar ratio of ATP utilized to ADP and P; formed 
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illustrates that orthophosphate rather than pyrophosphate is the product 
of ATP participation in the reaction. 

Since the purified enzyme is free from succinic dehydrogenase and 
pyruvie oxidase, acetyl formation must arise directly from succinate, 
rather than by metabolism through the Krebs cycle or by an asymmetric 
cleavage (9, 10) of some member of the cycle. The stoichiometry indicated 
in Table IV also argues against an asymmetric cleavage of succinate (11). 
However, more direct confirmation of a central cleavage of succinate is 
afforded by examination of the distribution of C' in acetate when iso- 


TABLE V 
Distribution of C4 in Reaction Product 
Succinate Acetate 
| 
Methyl-C'* Carboxyl-C™ 
Labeled compound added activity 
A A 
Specific Specific Specific 
4 activity 4 activity a activity 
c.p.m. pm. c.p.m. 
mole | c.p.m. pmoles | c.p.m. c.p.m. 
Succinate-2- or 3-C'4..| —6.3) —3327) 528 +12.4 +3094 250 +62 5 
Sucecinate-1l- or 4-C!4..| —5.7| —2372 416 +10.7, +202 19 +2193 205 


The incubation mixtures contained, in 2.0 ml., 0.062 umole of CoA, 100 umoles of 
KF, 40 umoles of K ATP, 3.0 umoles of MgCle, 800 umoles of neutralized hydroxyl- 
amine, 30 uymoles of GSH, 200 umoles of Tris buffer, pH 8.4, 0.30 umole of DPN*, 
3000 units of formic dehydrogenase, 50 uwmoles of potassium formate. The experi- 
ment with succinate-2- or 3-C!* also contained 40 wmoles of succinate with a C" ac- 
tivity of 21,760 ¢.p.m. and 0.46 mg. of enzyme protein of specific activity 27. The 
experiment with succinate-l- or 4-C'* contained, in addition to the components 
listed, 45 umoles of succinate with a C'* activity of 18,720 c.p.m. and 0.41 mg. of en- 
zyme protein of specific activity 27. Incubations were at 27° for 90 minutes. 


topically labeled succinate is used as substrate. Table V shows that 
methylene-labeled C'-succinate gives rise to acetate labeled only in the 
methyl position; the carboxyl position is unlabeled. Likewise, carboxyl- 
labeled succinate gives rise solely to carboxyl-labeled acetate. In both 
experiments the total loss of radioactivity from succinate during the 
incubation is recovered in the acetyl hydroxamate. 

Reaction with DPNH—Activity of the partially purified enzyme is 
readily ascertained spectrophotometrically by noting the rate of oxidation 
of DPNH in the Beckman DU spectrophotometer by the decrease in 
optical density at 340 my. Fig. 1 shows the oxidation of DPNH in an 
experiment in which substrate, CoA, ATP, and again, CoA, were succes- 
sively the limiting components. 
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Reversibility of Reaction—F¥ormation of succinate from acetyl CoA is 
readily followed by the increase in optical density at 340 my resulting 
from reduction of DPN+. Fig. 2 shows an experiment in which ADP 
and substrate were successively the limiting components. The stoi- 
chiometry of succinate formation is indicated in Table VI. In these 
experiments the ciliate enzyme (Reaction 7) is linked with acetyl phosphate 


t 
ADA 
ATP 


-0.2+ CoA 


-O.1F/ SUC 


5 10 IS 20 


MINUTES 

Fic. 1. Oxidation of DPNH by succinate-cleaving enzyme. Cuvette contained 
in 3.0 ml., 0.08 umole of succinate, 0.222 umole of CoA, 0.48 umole of K ATP, 5.0 umoles 
of MgClo, 35 wmoles of KF, 0.50 ymole of DPNH, and 100 wmoles of Tris buffer, pH 
8.4. At zero time, 0.28 mg. of enzyme protein of specific activity 25 was added. At 
indicated intervals, 2.0 umoles of succinate (SUC), 0.347 umole of CoA, 2.5 umoles of 
ATP, and 25 units (assayed as succinyl CoA deacylase) of acetyl CoA deacylase 
(ADA) were added. Before additions, CoA was reduced with sodium borohydrate 
and the excess borohydrate decomposed with acetic acid. 


and phosphotransacetylase (Reaction 8) as the source of acetyl CoA; 
reoxidation of DPNH is accomplished by adding DPNH oxidase and 
catalase (Reaction 9) to the mixture. The balanced sum is as indicated 
in Reaction 10. 

(7) 2 acetyl CoA + 2ADP + 2P; + DPNt2 


succinate + 2ATP + 2CoA + DPNH + H* 
(8) 2 acetyl phosphate + 2CoA = 2 acetyl CoA + 2P; 


-0.8 

-0.7 
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(9) DPNH + 302 + Ht @ DPN* + H,20 


(10) Sum, 2 acetyl phosphate + 2ADP + O2 =— succinate + 2ATP + H.O 


1 unit of enzyme, that amount which produces 1 yumole of acethy- 
droxamic acid in 90 minutes in the standard test system, forms only 0.045 
umole of succinate. Calculations from the spectrophotometric assay 
(Fig. 2) of succinate formation also show that the reaction in this direction 


+03/- 
AcCoA 
Fon) 
= 
ADP 
+O.) 
5 10 15 20 
MINUTES 


Fic. 2. Reduction of DPN*+ by ADP and acetyl CoA. Cuvette contained in 3.0 
ml., 5.0 uymoles of MgCle, 100 wmoles of Tris buffer, pH 8.4, 7 wmoles of acetyl CoA, 
0.20 umole of DPN*. At zero time, 0.68 mg. of enzyme protein of specific activity 25 
was added. At indicated intervals, 0.35 wmole of ADP and 0.50 umole of acetyl CoA 


(AcCoA) were added. 


is much slower (0.06 umole of succinate formed per 90 minutes per unit 
of enzyme) than in the direction of succinate cleavage. 
Equilibrium—The apparent equilibrium constant of Reaction 3 was 
determined from both directions at pH 8.4 and 27° with varying con- 
centrations of reactants (Table VII). In addition to the indicated con- 
centration of initial reactants, the mixtures contained, in a volume of 
3.0 ml., 20 umoles of KI’, 5.0 umoles of MgCls, 25 umoles of GSH, 150 
umoles of Tris buffer, pH 8.4, and 2 mg. of enzyme protein of specific 
activity 32. The reaction was stopped after 60 minutes and an aliquot 
was taken for the determination of DPNH. The quantities of the other 
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constituents at equilibrium were then calculated from the change in DPNH 
concentration, according to the stoichiometry indicated in Reaction 3. 

The equilibrium position of the reaction is far toward the right. The 
average value of K’ is 2.83 X 10°. 


TABLE VI 
Stoichiometry of Succinate Formation by Enzyme 
Experiment No. A acetyl phosphate A succinate | A ATP 
umole umoles | umoles 
1 —2.6 | +1.1 | 42.2 
2 —4.7 +1.9 | +4.1 


Incubation mixtures contained, in a volume of 1.0 ml., 40 wmoles of acetyl phos- 
phate, 20 wmoles of ADP, 10 umoles of P;, 0.031 umole of CoA, 0.15 umole of DPN*, 
1.5 wmoles of MgClo, 25 umoles of GSH, 150 umoles of Tris buffer, pH 8.4, 50 umoles 
of KF, 25 units of phosphotransacetylase, 150 units of DPNH oxidase, and 20 y of 
crystalline catalase. In Experiment 1, 0.68 mg. of enzyme protein of specific ac- 
tivity 36 was used. In Experiment 2, 1.2 mg. of enzyme protein of specific activity 
36 were included in the incubation mixture. Both incubations were for 90 minutes 
at 27°. 


TaBLeE VII 
Equilibrium Constant of Reaction 
Final con- | 
Initial concentration | 
K’* 
Succinate} DPNH | CoA ATP DPN* ADP Pi DPNH 


14.00 | 0.50 | 0.92 | 13.00 | 0.50 | 0.10 | 1.00 | 0.50 | 0.06 | 3.03 X 10° 
50.00 | 0.50 — 0.92 2.00 | 2.00 | 0.10 | 0 0 0.09 | 2.46 X 10° 
2.00 | 0.20 | 0.48 0.50 | 2.50 | 1.00 | 5.00 | 2.00 0.53 | 2.96 * 10° 


* K’ = ((acetyl CoA)? (ADP)? (Pi)? (DPN*))/((suecinate) (ATP)? (CoA)? (DPNH) 
(H*)). 

Incubations were for 60 minutes at 27°. For experimental conditions and details, 
see the text. Concentrations are expressed in micromoles per 3 ml. 


Methods 


Analytical Procedures—Acethydroxamie acid formation was measured 
by the method of Lipmann and Tuttle (12). Acetyl phosphate was 
determined by the same procedure, but hydroxylamine was added to 
mixtures after incubation. The method of Natelson et al. (13) was used 
to estimate citrate. DPNH determinations were made on aliquots of 
incubation mixtures deproteinized with methanol by following its oxidation 
with acetaldehyde and alcohol dehydrogenase (14). 
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Non-radioactive succinate was determined manometrically according to 
Krebs and Eggleston (15) in an ultramicrorespirometer (16). Extraction 
of the dicarboxylic acid for assay was accomplished by adsorption on to 
Celite 535 from an acid extract of the incubation mixture. Elution with 
ether was carried out until the total amount of titratable acid was re- 
covered from the short Celite column. 

Orthophosphate was determined by the method of King (17). ATP 
and ADP were separated on a Dowex 1 (200 to 400 mesh, 10 per cent 
cross-linkage, chloride form) column (18) and were quantitatively esti- 
mated as orthophosphate after acid hydrolysis. 

In experiments with C'-succinate, succinic and acetic acids were sep- 
arated on a Celite column as described by Swim and Krampitz (3). 
Amounts of the acids were determined by titration with dilute alkali. The 
incubation mixtures were deproteinized by the addition of 1.5 ml. of 
3 N H.SO, and were then heated in a boiling water bath for 10 minutes 
to hydrolyze acethydroxamic acid to acetic acid. The acetic acid was 
degraded by the method of Phares (19). The methylamine formed in 
the degradation was oxidized by the procedure of Van Slyke and Folch 
(20). Succinate was completely oxidized by the same procedure. The 
C' was determined with a windowless flow counter. 

Protein was determined spectrophotometrically according to Warburg 
and Christian (21). 

Enzymes—Extracts of S. faecalis, strain 10C1, and FE. coli, strain B, 
were prepared as previously described (1). Rat tissue homogenates were 
also prepared as previously reported (1). Extracts of C. fasciculata 
were prepared from cells grown in trypticase-sucrose medium by extensive 
grinding with alumina (2). All crude extracts were dialyzed for 6 to 12 
hours against a solution containing 0.01 m Tris buffer, pH 8.4, and 0.005 
M cysteine. 

Lactic dehydrogenase, catalase, and alcohol dehydrogenase were pur- 
chased from the Nutritional Biochemicals Corporation. Formic dehy- 
drogenase was purified from dried pea seeds (22). Condensing enzyme 
was prepared according to the procedure of Ochoa et al. (23) and phos- 
photransacetylase by the method of Stadtman (24). Acetyl CoA deacylase 
was prepared by the procedure of Gergely et al. (25), and DPNH oxidase 
from a-ketoglutaric oxidase as described by Huennekens et al. (26). 

Preparations—CoA, ATP, DPN+, DPNH, and TPN?+ were purchased 
from the Sigma Chemical Company. Acetyl phosphate was prepared by 
the method of Stadtman and Lipmann (27), and acetyl CoA by acetylation 
of CoA with acetic anhydride (28). Lithium lactate was prepared by 
passing an aqueous solution of zine lactate through a Dowex 50 column; 
the eluate was concentrated in vacuo and neutralized with lithium car- 
bonate. Calcium phosphate gel was prepared according to Keilin and 
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Hartree (29) and had been aged for several years. Succinate-2 or 3-C was 
purchased from Tracerlab, Inc., and succinate-1 or 4-C™ was a gift from 
Dr. R. C. Barnett. 


SUMMARY 


The succinate-cleaving enzyme, which splits succinate to form 2 mole- 
cules of acetyl coenzyme A, has been purified from the ciliated protozoan, 
Tetrahymena pyriformis. Coenzyme A, adenosine triphosphate, magne- 
sium or manganese ions, and reduced diphosphopyridine nucleotide are 
required as cofactors. 

Reversibility of the reaction has been demonstrated. The rate of suc- 
cinate formation from acetyl coenzyme A is only about one-tenth as rapid 
as is the rate of succinate cleavage. Balance studies of the reaction in 
both directions are presented. 

The equilibrium constant of the reaction, which is markedly in favor of 
acetyl coenzyme A formation, has been determined to be 2.83 X_ 10°. 

A new, more specific assay system for the measurement of succinate- 
cleaving activity of crude extracts is described. 
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ASCORBIC ACID CATABOLISM IN GUINEA PIGS* 


By L. L. SALOMON 


(From the Department of Biochemistry and Nutrition, The University of Texas, 
Medical Branch, Galveston, Texas) 


(Received for publication, February 11, 1957) 


There have been numerous reports suggesting that the metabolism of 
ascorbic acid in humans and in animals is affected by stress.'. However, 
detailed information which would permit an analysis of the underlying 
mechanism is not available. From the variety of effects cited, it would 
appear that no single mechanism can explain all of the findings. It has 
been suggested that increased ascorbic acid requirements exist in stress 
either because of increased utilization (2) or because of increased catabolism 
(1). These two factors are not synonymous, since utilization implies the 
retention of the intact ascorbic acid molecule or dehydroascorbie acid, and 
catabolism infers the destruction of the molecule beyond the dehydro- 
ascorbic acid stage. A choice between these mechanisms is, moreover, 
dificult or impossible to make under ordinary circumstances because the 
products of complete catabolism of ascorbic acid cannot be specifically 
determined, except with tracer techniques (4, 5). 

The availability of ascorbic acid-1-C™ made it possible to resolve some 
of these difficulties and investigate certain aspects of this important prob- 
lem in more detail. The present communication deals specifically with 
the fate of ascorbic acid after equilibration with body ascorbic acid, in 
contradistinction to the metabolism of newly administered ascorbic acid 
in the intact guinea pig. 

In one series of experiments, the rate of ascorbic acid loss by the diph- 
theria-intoxicated guinea pig was investigated. The effects of the toxin 
In guinea pigs are consistent and reproducible. Among the consequences 
produced by its administration is a decrease in ascorbic acid in 
several tissues (6), characteristically pronounced in the adrenal glands. 
Scorbutic guinea pigs also show lowered resistance to the toxin (7). Pre- 
liminary work had shown that urinary excretion of ascorbic acid ra- 
dioactivity did not differ significantly between toxin-treated and control 
guinea pigs, although there was some reason to believe that respiratory 


* This study was supported in part by funds provided under contract No. AF 
18(600) -638, with the School of Aviation Medicine, USAF, Randolph Air Force Base, 
Texas. 

1 Among recent reviews on this topic are those by Meiklejohn and Passmore (1), 
Pirani (2), and Lloyd and Sinclair (3). 
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radioactivity might be depressed in the former group (8). Such animals 
offered the opportunity to test ascorbic acid metabolism in stress in more 
detail. 

The metabolism of ascorbic acid in scorbutic guinea pigs was studied 
for similar reasons. It might be anticipated that the scorbutic guinea 
pig in some way “‘adapts’”’ itself to restricted intake of the vitamin by more 
efficient conservation of its body or dietary ascorbic acid. Experiments 
were undertaken to test the possibility that the biological half life of 
ascorbic acid in such animals differs from that of normal control guinea 


pigs. 
EXPERIMENTAL 


Materials—Radioactive ascorbic acid was synthesized from high specific 
activity NaC™N essentially as previously described (9). The carboxyl- 
labeled product had a specific activity of 7.04 * 10® c.p.m. per mg. (abso- 
lute), and was routinely administered in doses of 5 mg. per kilo of body 
weight, dissolved in 1.0 ml. of distilled water, by intraperitoneal injec- 
tion. 

Diphtheria toxin was generously provided by Dr. D. G. Brigham of 
Parke, Davis and Company, Detroit, Michigan. The toxin was admin- 
istered in doses of 1 minimal lethal dose,? subcutaneously, in a total of 
0.15 ml. of solution with saline, 12 hours before injection of ascorbic acid- 
1-C4 and the start of the metabolic experiment. 

Animals—Male guinea pigs were maintained on Purina rabbit chow, a 
scorbutigenic diet, and water ad libitum. In addition, they received a 
daily oral dose of 30 mg. of ascorbic acid per kilo of body weight until 24 
hours before the start of the experiment, or until the start of the scorbuti- 
genic regimen. For this regimen, guinea pigs were maintained on the 
same diet, without the oral supplements, for a period of 21 days. This 
diet rapidly and invariably has been found to produce scurvy, when fed 
alone. The administration of ascorbic acid both prevents and cures the 
hypovitaminosis. 

Methods—Body ascorbic acid was determined on a sample of tissue 
obtained in the following manner. The animal was decapitated, exsangul- 
nated, and skinned, and the intestinal contents were removed. The 
tissues, with skin excepted, were then thoroughly ground; the sample 
analyzed represented an aliquot portion of this material, which was further 
ground with sand and then treated by the method of Roe et al. (10), as 


2 The minimal lethal dose is that dose of diphtheria toxin which, when injected 
subcutaneously, will kill a guinea pig of 250 gm. in weight in 4 or 5 days. The ob- 
served survival period was 4 to 6 days in these experiments, owing to greater vari- 
ability in the weights. Only one animal was lost prematurely. 
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modified by Lowry et al. (11). Preparation of the tissues was carried 
out at 2°. 

The metabolism apparatus was a slightly modified version of that used 
by Jackel et al. (12). Collection of respiratory carbon dioxide samples, 
conversion of aliquots to barium carbonate, the conversion of urine and 
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Fig. 1. Ascorbic acid radioactivity retained by the guinea pig as per cent of the 
administered dose. These curves are representative of the results obtained in these 
experiments. Curve A is based on data from Animal 5 (diphtheria toxin-treated); 
Curve B on data from Animal 17 (scorbutic); and Curve C on data from Animal 3 
(normal). Curve B may be regarded as a composite curve for Animal 17, since re- 
alimentation or toxin treatment produced no change. 


ascorbic acid aliquots to barium carbonate, and the counting methods 
were based on previously reported methods, and are cited by the same 
authors (12). All determinations were made in duplicate, and counted 
to a probable error of +5 per cent in the most unfavorable cases. The 
use of ascorbic acid-1-C" of high specific activity in fairly large quantities 
resulted in high sample radioactivity. A favorable sample count to 
background ratio made the attainment of greater statistical accuracy 
simple in most cases. A windowless flow counter, calibrated with samples 
prepared from the National Bureau of Standards Beta-Ray Standard, 
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was used. Corrections for background and self-absorption, volume and 
time corrections, and corrections for small variations in administered 
radioactivity were made as necessary to permit comparison of the data. 
All samples had a constant area, and were mounted on copper, under the 
same conditions as those employed during the determination of the correc- 
tion factors for the particular counting arrangement. 

Procedure—In general, the experiments consisted of the administration 
of radioactive ascorbic acid to guinea pigs which had received their last 
ascorbic acid supplement 24 hours previously, or to scorbutic guinea pigs. 
Diphtheria toxin was administered, when called for, 12 hours before the 
start of the metabolism run. The animal was then placed in the chamber 
and the metabolism apparatus permitted the collection of respiratory 
CO, without interruption for any desired period, in suitable fractions, as 
well as the quantitative collection of urine. 

After determination of the radioactivity excreted in any particular 
interval, the data were converted to ‘‘per cent of radioactivity remaining 
in the animal,” and plotted on semilogarithmic paper (Fig. 1). The 
data become linear approximately 30 hours after administration of the 
radioactive material. This is interpreted to indicate the completion of 
equilibration. 


RESULTS AND DISCUSSION 


The rate of excretion of radioactivity can be equated to the fate of the 
animal’s ascorbic acid only when certain limiting conditions are met. It 
is essential that the administered labeled vitamin should become completely 
mixed with the body ascorbic acid. At that time, the specific activity of 
the ascorbic acid will be equal in all tissues. Moreover, this specific 
activity will then remain constant, provided that no further ascorbic 
acid is fed, since guinea pigs are incapable of synthesizing the vitamin. 
It is also required that no appreciable part of the radioactive ascorbic 
acid should have been converted to other radioactive compounds which 
tend to accumulate in the body. This could give an erroneous impression 
as to the rate of ascorbic acid breakdown, since determination of that 
rate depends upon measurements of excreted radioactivity. A number of 
previously reported experiments (8) and numerous unpublished exper 
ments performed subsequently have shown that this condition is adequately 
fulfilled. Without exception, it was possible to isolate substantially all 
the radioactivity as unchanged ascorbic acid from a variety of tissues, 
within the precision of the methods. This shows that no more than 5 per 
cent, and probably less, is present as radioactivity other than ascorbic 
acid radioactivity. Experiments in vitro with liver homogenates showed 
that ascorbic acid may be degraded via dehydroascorbic and diketogulonic 
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acids (13), although this may not be the major catabolic pathway (14). 
However, the rates of breakdown (15), as well as the relatively low tissue 
concentrations (14), suggest that interference from an accumulation of 
these compounds can scarcely be expected. 

Under these conditions, it is evident that the excretion of radioactivity 
is, in fact, directly proportional to the decrease in body ascorbic acid. 
Furthermore, the rate constant for the excretion of radioactivity must be 
equal to the rate constant for the decrease of body ascorbic acid. This 
makes a comparison of the relative catabolism rates particularly simple. 

The data presented in Fig. 1 show that the excretion of radioactivity 
may be expressed by 


2.303 (ascorbic acid),, 
Sie (ascorbie acid), 


It is now only necessary to know the total body ascorbic acid at any time 
after the start of the experiment to permit the evaluation of the rate 
data in terms of actual amounts of ascorbic acid rather than of ratios. 
Such data will be shown below. 

Normal Guinea Pigs—V ig. 1 represents typical data from these meta- 
bolism experiments; corresponding rate constants, shown in Table I, are 
based on the periods starting about 30 hours after the administration of 
radioactive ascorbic acid, since the curves become linear at that time. 

The calculated mean biological half life of ascorbic acid in normal guinea 
pigs, based on these constants, is 100 hours, ranging from 70 (Animal 3) 
to 144 hours (Animal 15). The average half life based on all the animals 
included in this report is 99 hours. These values apply only to “body 
ascorbic acid”? and not to “administered ascorbic acid.” Further details 
regarding this distinction will be part of a subsequent communication. 

Total body ascorbic acid was measured in three normal control guinea 
pigs at the conclusion of the metabolism run. From these values and the 
rate constants for the corresponding animals, the ascorbic acid content 
at the start of the experiment (4 hours after the last oral dose of ascorbic 
acid) was calculated. Values for body ascorbic acid obtained in this way 
were 44.0, 44.2, and 37.3 mg. per kilo of body weight. In other words, 
the approximate body level attained by a 30 mg. per kilo daily oral ascorbic 
acid supplement is 40 mg. per kilo. Since no symptoms of hypovitaminosis 
C in male guinea pigs have ever been found under these conditions, it 
may be assumed that this is a “normal” value. However, tissue satura- 
tion is attained at a much higher intake (16). 

Scorbutic Guinea Pigs — The rate of catabolism of a group of four scor- 
butic guinea pigs was determined, and then redetermined after realimenta- 
tion. These animals served, therefore, as internal controls. Data from 
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this group are shown in Table I. While the number of animals used was 
limited, excellent agreement of the data is apparent. The rate of catabo- 
lism not only follows the same pattern as that in normal animals, but the 
rate constants also appear to be unaffected significantly. Because of this, 
it becomes possible to calculate the body ascorbic acid levels of guinea pigs 
at various times after supplementation has ceased. 


TABLE I 
Body Ascorbic Acid Depletion Rate Constants 


Normal controls Scorbutic Diphtheria-intoxicated 
Animal | Weight x hr. ABimal | Weight x hr. Animal | Weight x 10? X hr. 
gm. gm. gm. 
1 366 6.58 1-B 369 11.30 
3 366 9.94 4 285 5.43 
8 370 7.87 5 285 4.87 
9 376 6.81 6 398 10.93 
iE! 320 7.63 7 305 8.63 
10 379 5.37 
11 356 7.67 
12 482 8.44 
13 512 7.68 
15 412 4.83 15 275 4.88 
16 370 6.25 16 245 5.54 
17 313 6.39 17 210 6.27 17 470 6.17 
18 402 6.12 18 265 5.90 18 550 12 
Average ..... 6.9 5.6 7.5 
+1.3 +0.5 +2.1 


These rate constants are based upon experiments with intact guinea pigs. Ani- 
mals 15, 16, 17, and 18 served as internal controls. 


When an unsupplemented scorbutigenic diet was fed, dentine deposition 
in guinea pig incisors was found to be impaired within 7 days (17). Dur- 
ing this time, body ascorbic acid may be expected to decrease on the aver- 
age, by nearly 69 per cent. For the present group of animals, this means 
an approximate decrease to less than 13 mg. per kilo. After 3 weeks, when 
severe gross symptoms of scurvy will have been found under the conditions 
of this experiment, the level will have fallen to a calculated average of 
1.2 mg. per kilo. 

These results suggest an explanation for the finding that the previous 
intake of ascorbic acid, provided that it was adequate to prevent scurvy, 
had little bearing on the survival time of guinea pigs on a scorbutigenic 
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diet (18). Because of the exponential nature of the curves, a guinea pig 
with an initial level of 40 mg. per kilo will, after 21 days, contain only ap- 
proximately 0.6 mg. per kilo more than another pig with an initial level of 
20 mg. per kilo. 

Diphtheria Toxin-Treated Guinea Pigs—Two groups of animals were 
examined for the effect of diphtheria toxin stress on ascorbic acid catabo- 
lism. For the first group, a procedure similar to that used for the normal 
group was followed, with the exception that 1 minimal lethal dose of toxin 
was administered. Since rate measurements in effect started 30 hours 
after the injection of labeled ascorbic acid, as pointed out above, such de- 
terminations included the period of time when the toxin showed very dras- 
tic effects. Data from this group are included in Table I. The similarity 
of the rate constants to those of normal animals is apparent. 

In a second set of experiments, Animals 16, 17, and 18, which had been 
previously examined twice, 7.e. while scorbutic and after realimentation, 
were maintained on the usual supplement of ascorbic acid for 4 weeks. 
Thereafter, a third metabolism experiment was performed, in this case 
after the administration of toxin. No alteration of rate constants is dis- 
cernible. 

In a limited number of animals from Group 1 of the toxin-treated guinea 
pigs, body ascorbic acid was also determined. The values found, 43.7, 
40.1, 39.8, and 35.0 mg. per kilo, do not differ significantly from those re- 
ported above for normal animals. This indicates that not only are the 
rate constants unaltered under these circumstances, but also the amount 
of ascorbie acid catabolized. In other words, no significant changes in 
body ascorbic acid had taken place between the time of administration of 
the toxin and injection of radioactive ascorbic acid, and no differences were 
observed subsequently. It appears that stress does not necessarily affect 
the rate of ascorbic acid catabolism. 

These experiments demonstrate that the biological half life of body ascor- 
bie acid is unchanged in scurvy, as well as during toxin stress, under the 
conditions employed. Because of this, the procedures used cannot show 
the existence of a deficiency. Hence, augmented ‘‘need”’ for ascorbic acid 
in the toxin-treated guinea pigs cannot be ruled out, despite unaltered 
tissue stores and catabolism rate constants. For the scorbutic guinea pig, 
this is self-evident. 


SUMMARY 


1. The effect of toxin stress and scurvy on the rate of catabolism of ascor- 
bic acid has been investigated. 

2. The rate of catabolism followed first-order kinetics in normal, scor- 
butic, and diphtheria-intoxicated guinea pigs. The rate constants for the 
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catabolism of ascorbic acid in intact guinea pigs were unaffected by the | 


level of body ascorbic acid or toxin stress. 


3. The evidence indicated that the biological half life of ascorbic acid in 


the guinea pig is neither decreased in stress nor increased in scurvy. Re- 
gardless of the magnitude of the body ascorbic acid level, a definite fraction 
per day was lost by the animal, this predictable quantity being independent 
of the test conditions employed. 


mation was calculated to average about 69 per cent. At the time of the 
appearance of gross symptoms of scurvy, the body level will not be much | 
more than 1 mg. per kilo of body weight. When fed a 30 mg. daily oral 
ascorbic acid supplement per kilo of body weight, a level of sinned 


4. Depletion of body ascorbic acid at the time of impaired dentine for- 


40 mg. per kilo is established in male guinea pigs. 


BIBLIOGRAPHY 


. Meiklejohn, A. P., and Passmore, R., Ann. Rev. Med., 2, 129 (1951). 
. Pirani, C. L., Metabolism, 1, 197 (1952). : 
. Lloyd, B. B., and Sinclair, H. M., in Bourne, G. H., and Kidder, G. W., Bio-— 


chemistry and physiology of nutrition, New York, 1, 369 (1953). 


. Burns, J. J., Burch, H. B., and King, C. G., J. Biol. Chem., 191, 501 (1951). 
. Burns, J. J., Dayton, P. G., and Schulenberg, 8., J. Biol. Chem., 218, 15 (1956). 
Lyman, C. M., and King, C. G., J. Pharmacol. and Exp. Therap., 56, 209 (1936). | 


King, C. G., and Menten, M. L., J. Nutr., 10, 129 (1935). 


. Salomon, L. L., Dissertation, Columbia University (1952). 
. Salomon, L. L., Burns, J. J., and King, C. G., J. Am. Chem. Soc., 74, 5161 (1952). 
. Roe, J. H., Mills, M. B., Oesterling, M. J., and Damron, C. M., J. Biol. Chem., 


174, 201 (1948). 


. Lowry, O. H., Bessey, O. A., and Burch, H. B., Proc. Soc. Exp. Biol. and Med., 


80, 361 (1952). 


. Jackel, 8. S., Mosbach, E. H., Burns, J. J., and King, C. G., J. Biol. Chem., 186, © 


569 (1950). 


. De Salegui, M., Schwartz, M. A., and Williams, J. N., Jr., Proc. Soc. Exp. Biol. 


and Med. 87, 530 (1954). 


. Damron, C. M., Monier, M. M., and Roe, J. H., J. Biol. Chem., 195, 599 (1952). | 
. Curtin, C. O., ond King, C. G., J. Biol. Chem., 216, 539 (1955). 

. Kuether, C. A., Telford, I. R., and Roe, J. H., J. Nutr., 28, 347 (1944). 

. Boyle, P. E., Bessey, O. A., and Howe, P. R., Arch. Path., 30, 90 (1940). 
. Zilva, 8. 8., Biochem. J., 30, 1419 (1936). 


I! 
al 
sl 
1 
3 CC 
4 a 
™ 6 ac 
S te 
9 ul 
10 
af 
13 
Li 
14 0) 
15 al 
16 9 
17 
18 Re 
las 
ta 
| fl 
pre 
po 
| of 


the 


d in 
Re- 
Lion 
lent 


for- 


the 
uch 
oral 

‘ely 


A NEW NATURALLY OCCURRING ISOMER 
OF B-METHYLLANTHIONINE 


By PHYLLIS F. DOWNEY anp SIMON BLACK 


(From the National Institute of Arthritis and Metabolic Diseases, National 
Institutes of Health, United States Public Health Service, Bethesda, 
Maryland) 


(Received for publication, February 18, 1957) 


In previous reports it has been shown that methyl mercaptan is utilized 
in several enzymatic processes in yeast. These include the formation of 
S-methyleysteine (1) and the syntheses of methylthiol esters of glyceric 
and 3-phosphoglyceric acids (2). In an attempt to find the metabolic 
significance of these reactions the fate of CH;S**H in yeast has been stud- 
ied. On incubation with the latter substance a large number of com- 
pounds in the yeast cells became labeled with S**. These compounds 
could be detected chromatographically and appear to be present in very 
small quantities. Qualitative tests indicate that most of them are amino 
acids or amino acid derivatives. The known sulfur-containing amino 
acids, such as cysteine, were labeled to a small extent. One of the labeled 
substances extracted from the yeast has been identified as S-methyleys- 
teine.!. A second one, described here, has been characterized as a hitherto 
unknown stereoisomer of 6-methyllanthionine.? 


EXPERIMENTAL 
Materials and Methods 


CH,;S*°H was prepared from S**-thiourea by a modification of the method 
of Canellakis and Tarver (3). The thiourea was obtained from Abbott 
Laboratories and contained initially 50 me. of S** per gm. p-Amino acid 
oxidase was prepared according to a procedure described by Meister (4) 
and was kept as a lyophilized powder. The L-amino acid oxidase used was 
a rattlesnake (Crotalus adamanteus) venom preparation obtained from the 
Ross Allen Reptile Institute. Crystalline lactic dehydrogenase and cata- 
lase, dihydrodiphosphopyridine nucleotide, and Raney nickel were ob- 
tained commercially. 

All measurements of radioactivity were made in a Robinson type gas 
flow counter (5) with a background of 6 to 8 e.p.m. The radioactivity of 


1 Wolff, C., and Black, unpublished experiment. 

? We are grateful to Dr. H. B. Vickery for providing an extensive discussion on the 
problems involved in naming this compound, of which eight theoretical isomers are 
possible. Suitable rules are not yet available which permit a name that conveys all 
of the essential information about the three asymmetric centers. 
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CH;S8*°H was estimated by counting it as the mercuric mercaptide, or 
more frequently by assuming it to have the same activity as the S-methy]l 
isothiourea picrate from which it was generated. Samples of S**-labeled 
yeast or of fractions derived from such yeast, prior to counting, were 
placed in planchets with a few drops of concentrated NH,OH and mercap- 
toethanol and evaporated to dryness in an oven at about 105°. This 
procedure removed by evaporation unused methyl mercaptan and its di- 
sulfide. It also eliminated by reduction and evaporation possible counts 


from mixed disulfides of CH;S*H. Thioesters of CH;S**H were hydrolyzed 


in the process and thus also excluded from the assay. The S** measured © 


represents non-volatile material which is not convertible to volatile S* 
in a hot alkaline reducing solution. 
Total amino acids were measured by the method of Moore and Stein (6). 


Isolation and Properties of Compound 


Labeling and Extracting Yeast—1 pound of fresh bakers’ yeast (Anheuser- 
Busch) was suspended in 4.5 liters of water. 50 gm. of glucose and 10 ml. 
of a CH;S**H solution in 0.1 n KOH, representing about 3,000,000 ¢.p.m. 
and 5 umoles of thiol, were added and the mixture was stirred gently at 
room temperature for 3 hours. The yeast was centrifuged and washed 
once by centrifugation from 2 liters of water. It was then resuspended in 
2 liters of water, heated rapidly to 95°, and cooled in a bath of flowing cold 
water. Centrifugation yielded about 2 liters of S**-labeled extract. This 
was added to 25.6 liters of unlabeled extract obtained in a similar manner 
from 12 pounds of yeast which had no treatment prior to suspension in 
water and heating. 


Preliminary Purification—1.5 liters of 0.25 m Ba(OH). and 29 liters of © 
ethanol were added to 27.6 liters of extract. After standing for a brief | 


time the barium precipitate flocculated and was removed with the aid of 
a basket centrifuge. The excess barium was then precipitated by bubbling 
CO, through the supernatant solution until the pH dropped to 7.5. After 
several days at 0° the clear solution was removed by decantation. 

Chromatography and Isolation—Approximately 58 liters of the ethanol- 
barium supernatant solution containing 1,200,000 ¢.p.m. of S” were 
passed through a column of Dowex 1 formate (200 to 400 mesh, 10 cm. 
diameter, 15 cm. length), at a rate of 50 ml. per minute. The column 
was then washed with several liters of distilled water. Elution was effected 
with 0.05 m formic acid containing 0.005 mM mercaptoethanol as an anti- 
oxidant, at the rate of 50 ml. per minute. Fractions of 1 liter were col- 
lected and a peak of radioactivity totaling 160,000 counts emerged in 
Fractions 5 to 9. 

Fractions 6 to 8, representing 145,000 counts, were reduced to dryness 
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in a rotary vacuum evaporator. The bulk of the dried material was dis- 
solved in less than 20 ml. of water, but a small amount of a granular sub- 
stance remained insoluble. This was collected by centrifugation and 
washed with a small amount of water. When suspended in 5 ml. of water, 
it readily dissolved on addition of a few drops of concentrated NH,OH 
and was recrystallized by neutralization with formic acid. The crystal- 
lization was repeated from a volume of 3 ml. and the crystals were then 
washed twice with ethanol and dried in vacuo over P2O; at 66° for 5 
hours. The yield was about 25 mg. with a total radioactivity of 6000 
e.p.m. +37.6° (0.5 per cent in 1.0 n HCl). 


C7H,,0.N 38. Calculated. C 37.8, H 6.31, N 12.6, Ss 14.4 


On paper chromatograms, with water-saturated phenol as a solvent, 
the Rp value of this compound was 0.27. When sprayed with ninhydrin 
the spots on the paper yielded the typical blue color given by the majority 
of amino acids. 

Infrared Absorption—The infrared absorption spectrum of the com- 
pound suspended in a KBr dise was obtained and is shown in Fig. 1. The 
corresponding spectra of three other C;His0,N2S compounds, L-cysta- 
thionine, L-allocystathionine, and the stereoisomer of 6-methyllanthionine 
obtained from subtilin (7) are also shown. It is evident that the spectrum 
of the yeast compound is not identical with any of the others. 

Desulfuration Products—A few mg. of the compound were desulfurated 
with Raney nickel by the procedure described by Alderton (7), and about 
2 umoles of amino acid were found in the supernatant solution. When 
chromatographed on paper with ethanol-acetic acid-water (80:5:15) as 
the solvent, this product yielded two ninhydrin-reactive spots which cor- 
responded exactly in Ry value, 0.54 and 0.64, respectively, to alanine and 
a-amino-n-butyric acid spots on the same paper. 

One of these amino acids was shown to have the L configuration by its 
conversion to an a-keto acid upon being treated with the L-amino acid- 
specific oxidizing enzyme, L-amino acid oxidase. This L-amino acid was 
characterized as alanine by the fact that the keto acid derived from it was 
enzymatically reduced with lactic dehydrogenase at a rate comparable to 
that of an equivalent amount of keto acid similarly derived from authen- 
tic L-alanine (Fig. 2). In an analogous manner the other component of 
the desulfuration product was identified as b-a-amino-n-butyrie acid by 
its reactivity with the b-amino acid-specific b-amino acid oxidase and the 
similarity, on enzymatic reduction, of the resulting keto acid to that de- 
rived from an equivalent amount of the authentic compound (Fig. 2). 
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The ratio of L-alanine to D-a-aminobutyrate in the mixture was expected _ 
to be 1:1, but was found to be 7:3. This disparity is doubtless due toa _ 
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Fic. 1. Infrared absorption spectra of four C;H,,O,N.2S8 compounds. The sub- 
stances were dispersed in KBr pellets and the spectra measured with a Perkin-Elmer 
model 21 recording infrared spectrophotometer by using an NaCl prism. 
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selectively greater loss of a-aminobutyrate in the desulfuration, a process | 
in which the yields are generally quite low. 


Other S**-Labeled Compounds 


The stereoisomer of 6-methyllanthionine reported here accounted for 
0.5 per cent of the S** label in the extract of yeast which had been incubated 
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with CH;S*H. When a similar extract, with no preliminary purification, 
was chromatographed on a column of Dowex 50, a minimum of nine radio- 
active peaks was found (Tig. 3). The percentage of the total S** placed 
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Fig. 2. Enzymatic reduction of a-keto acids derived from the desulfuration prod- 
uct by treating it with L-amino acid oxidase (LOX) and p-amino acid oxidase 
(DOX). L-Amino acid oxidase treatment: 0.03 to 0.05 umole of amino acid was 
incubated at 37° with 2.0 mg. of rattlesnake venom, 0.01 ml. of commercial catalase 
solution (dialyzed against water), and 50 wmoles of imidazole chloride buffer (pH 7.0) 
in a total volume of 0.20 ml. for 4 hours. An aliquot of the mixture was used directly 
for the lactic dehydrogenase test. bv-Amino acid oxidase treatment: 0.03 to 0.05 
umole of amino acid was incubated at 37° with 2.0 mg. of the p-amino acid oxidase 
preparation in 0.3 ml. of 0.33 saturated sodium pyrophosphate buffer (pH 9.2) for 
lhour. The reaction was stopped with 0.05 ml. of 2.0 M acetic acid, the precipitated 
protein removed by centrifugation, and aliquots of the supernatant solution used, 
without neutralization, in the lactic dehydrogenase test. Lactic dehydrogenase 
test: A suitable aliquot of the sample from either of the above incubation mixtures 
was placed in a quartz cell (1.0 cm. light path) with 100 zmoles of potassium phosphate 
buffer (pH 7.2), 0.1 umole of dihydrodiphosphopyridine nucleotide, and water to 
make a volume of 0.98 ml. The optical density at 340 my was measured in a Beckman 
model DU spectrophotometer, 0.02 ml. of appropriately diluted lactic dehydrogenase 
added, and readings were taken at intervals thereafter. 1.0 umole of dihydrodi- 
phosphopyridine nucleotide was assumed to have an optical density of 6.20 (8). 
With the long incubation times indicated, 90 to 100 per cent of L- and bD-amino 
acids added were recovered as keto acid, respectively, in the L- and D-amino acid 
oxidase tests and 90 per cent of the analytically determined (6) amino acid in the 
desulfuration mixture was accounted for by the sum of the L- and p-amino acid oxi- 
dase determinations. No keto acid formed on incubating p-amino acids with L- 
amino acid oxidase or L-amino acids with p-amino acid oxidase. 


on the column which is represented by each peak is indicated in the figure. 
Usually only 50 to 60 per cent of the total counts was recovered from 
columns of either Dowex 50 or Dowex 1. All of the S**-labeled substances 
were retained by both types of column and the S* recovered from one 
column could usually be recovered also from the other. Attempts to 
purify the substances in the individual peaks, such as those shown in Fig. 
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3, invariably led to separations into several dissimilar fractions. Seven 
fractions were purified by further chromatography to the point where 
each yielded only one ninhydrin-reactive spot on paper chromatograms 
and in each case the S** was associated with this spot. None of the frac- 
tions gave positive tests for the —S—S— bond and with one exception 
none was a thiol (9). All of the fractions showed a significant ultraviolet 
light absorption only below 240 mug, which is characteristic of many sul- 
fur-containing compounds. Methionine, cysteine, and glutathione iso- 
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FRACTION NUMBER 


Fic. 3. Dowex 50 fractionation of 8*5-labeled compounds. 80 ml. of an extract 
of S**-labeled yeast similar to the one described in the text and containing 84,400 
c.p.m. were applied to a 15 X 0.9 em. column of Dowex 50-X2 (200 to 400 mesh, hy- 
drogen form) at a rate of 0.5 ml. per minute. Elution was then carried out as indi- 
cated in the figure. Fractions of 5 ml. per 10 minutes were collected and the total 
$*5 in each fraction was counted. All eluents contained 0.01 Mm mercaptoethanol as 
an antioxidant. 


lated from chromatographic columns were labeled with S** but had a much 
smaller specific activity than  6-methyllanthionine. S-Methylceysteine, 
isolated with the aid of unlabeled carrier, accounted for about 1 per cent 
of the total radioactivity.'. An additional significant observation was 
that, when the labeled yeast was diluted and allowed to grow in a suitable 
medium, the S*-labeled substances became largely ‘‘bound”’ and were 
no longer extractable by hot water or by an alternative procedure with 
acid and ethanol. 


DISCUSSION 


Five compounds with the empirical formula C;H,,O,N2S which contain 
alanine and a-aminobutyric acid residues have been previously described. 
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These are the four stereoisomers of cystathionine (10, 11) and the isomer 
of 6-methyllanthionine (7, 12, 13) found in certain antibiotics. All may 
be distinguished from the one described here by their specific rotations. 
In particular, L-allocystathionine and the 8-methyllanthionine from sub- 
tilin, which contain residues of L-alanine and D-a-amino-n-butyric acid as 
does the present compound, have specific rotations of —25.5° and —34.7°, 
respectively, in contrast to the value of +37.6° found for the newly dis- 
covered substance. The two C;H,,O,;N2S compounds of known natural 
occurrence, the 8-methyllanthionine from antibiotics and L-cystathionine, 
are also distinguished from the present one by a much greater solubility in 
water, as well as by their infrared absorption spectra. 

Because the newly found compound is distinct from the cystathionines, 
it must be a 8-methyllanthionine, for no other substance having the same 
empirical formula would yield alanine and a-aminobutyrate on desulfura- 
tion. Since the 6-methyllanthionine found in antibiotics also contains 
residues of L-alanine and pb-a-aminobutyrate, the new compound must 
differ from it in the configuration about the asymmetric carbon atom bear- 
ing the methyl group. 


NH, CH; NH, 


| | 
HOOC—CH—CH,—S—CH—CH—COOH 
L ? D 


The actual configuration about this carbon atom is not known for either 
substance and final conclusions about structure must await syntheses of 
the two stereoisomers. 

This amino acid is a member of a class of compounds which are widely 
distributed in nature (14) and may be designated as S-substituted cyst- 
eines. It is probable that the unidentified S**-labeled compounds men- 
tioned are also of this type and they may include such known amino acids 
as the 6-methyllanthionine from antibiotics, lanthionine (12-15), djenkolic 
acid (16), felinine (17), S-methyleysteine sulfoxide (18, 19), and alliin 
(20). 

The relatively low content of S** in methionine, cystine, and glutathione 
suggests that CH;SH and the compounds derived from it are not inter- 
mediates in the biosyntheses of the major known sulfur-containing amino 
acids. This is consistent with the view, supported by numerous data 
(21), that CH,;SH is normally a product of rather than a precursor of 
methionine. 

The finding that methyl mercaptan serves as a precursor in the bio- 
synthesis of a number of substances may provide a basis for elucidating 
the mechanism of the effective antitubercular action of ethyl mercaptan 
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(22, 23). The latter may form analogues of natural compounds, and such © 


analogues might be metabolic inhibitors. 


We are grateful to Dr. Vincent du Vigneaud for samples of L-cysta- | 


thionine and L-allocystathionine, to Dr. Gordon Alderton for a sample 
of 6-methyllanthionine from subtilin, to Dr. J. P. Greenstein for samples 
of p- and L-a-amino-n-butyric acid, to Dr. J. R. Parikh for a preparation 


of p-amino acid oxidase, to Dr. William C. Alford and his staff for micro- © 


analyses, to Mrs. Evelyn G. Peake for the determination of optical rota- 
tion, and to Mr. William M. Jones for measuring the infrared absorption 
spectra. 


SUMMARY 


1. A new sulfur-containing amino acid has been isolated from yeast 
which has the empirical formula C;H,,O,N28. It is distinguished from 
known compounds having the same formula, such as the four cystathio- 
nines, by its specific rotation, +37.6°, and other properties. On desul- 
furating with Raney nickel, it yielded L-alanine and b-a-amino-n-butyric 
acid, which were characterized by an enzymatic micromethod. It is 
concluded that the compound is one of the two theoretically possible 
isomers of 6-methyllanthionine which contain residues of L-alanine and 
D-a-amino-n-butyric acid. 25 mg. of recrystallized material were obtained 
from 13 pounds of fresh bakers’ yeast. 

2. This compound is one of an apparently large number in yeast which 
becomes labeled with S** when the cells are incubated with CH,S*H. 
These substances can be detected chromatographically. The majority 
are not yet identified. 
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SYNTHESIS OF PHOSPHATIDYL PEPTIDES 


I. O-(DISTEAROYL-t-a-GLYCERY LPHOSPHORYL)- 
L-SERYLGLYCYLGLYCINE 


By ERICH BAER, JONAS MAURUKAS,* DONALD D. CLARKEt 


(From the Banting and Best Department of Medical Research, 
University of Toronto, Toronto, Canada) 


(Received for publication, March 8, 1957) 


During recent years reports (1-6) have appeared describing the isolation 
of naturally occurring phosphatides containing nitrogenous moieties con- 
siderably more complex than those of the classical phosphatides. It has 
been suggested that in some of these substances the basic moiety consists 
of a polypeptide. Although the reality of some of the phosphatidyl pep- 
tides has been questioned (7), it was felt that they were sufficiently interest- 
ing as a new class of phosphatides to attempt the synthesis of a simple 
representative by a procedure similar to those described in some of our 
earlier publications (8-13). A synthetic phosphatidyl peptide possessing 
a known structure should prove useful as a compound of reference in stud- 
ies of the structure of natural lipopeptides and lipoproteins. The pres- 
ence of serine (14-16) bound to phosphoric acid (2, 5, 17-23) in some of 
the naturally occurring phosphatides suggested that the nitrogenous moiety 
of the synthetic phosphatidyl peptide should contain at least 1 mole of 
serine and that the phosphatidyl group be linked in ester form to the alco- 
holic hydroxyl group of the hydroxyamino acid, as for instance in phos- 
phatidylserine (21). Glycine was chosen as the second amino acid of the 
peptide, as it has been found to occur with serine in natural phospha- 
tides (14-16) and does not introduce a new asymmetric center. The 
well known difficulties encountered in preparing peptides of even mod- 
erate chain length imposed certain restrictions on our initial attempts. 
Serylglycylglycine was selected for its simplicity as peptide moiety. A 
phosphatidylserylglycylglycine containing two identical saturated fatty 
acid substituents can occur theoretically in any of six stereoisomeric forms, 
i.e. four a and two B forms. Recent investigations (8, 24, 25) seem to indi- 
cate that the glycerophosphoric acid moiety of natural phosphatides pos- 
sesses the @ structure and L configuration exclusively. Natural amino 


* Sections of this paper form part of a thesis submitted by Jonas Maurukas to the 
Department of Pathological Chemistry of the University of Toronto in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy. 

t Postdoctoral research fellow assisted by a grant from the National Research 
Council (Ottawa) to the senior author. 
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acids, as is well known, generally occur as L isomers. Hence, a phospha- 
tidylserylglycylglycine, if it were to occur in nature, most likely would be 
an @ isomer with L configuration at both asymmetric centers. From a 
biological point of view, this isomer would be the most interesting one of 
the six and thus was selected for synthesis. As fatty acid substituents of 
the glyceride moiety of the phosphatidyl peptide, stearic acid was chosen, 
as it is one of the best known and most widely distributed acids of the satu- 


rated series. 
COOH + II 


N ,N® -dicyclohexylcarbodiimide 
HeCOH 
I 
Pa | 
He | 
HeCOH HgCOH 
L-Serylglycylglycine IV III 


Reaction Scheme I 


The synthesis of the O-(distearoyl-L-a-glycery]lphosphory])-L-serylgly- 
eylglycine follows closely our procedure for the synthesis of phosphatidy]- 
serine (12) with the exception that the N-carbobenzoxy-.-serine benzyl 
ester is replaced by N-carbobenzoxy-.-serylglycylglycine benzyl ester. 
At first the substituted tripeptide was prepared by a procedure requiring 
ten steps (26). Subsequently, a somewhat simpler procedure for its syn- 
thesis was developed involving only seven steps (26). More recently an 
even greater simplification in the preparation of the tripeptide derivative 
was achieved (Reaction Scheme I) by coupling N-carbobenzoxy-t-serine (I) 
with glycylglycine benzyl ester (II), by using the carbodiimide procedure 
of Sheehan, Goodman, and Hess (27). This procedure which requires 
only three steps is described in the experimental part of this paper. 
Removal of the protective groups of the N-carbobenzoxy-t-serylgly- 
cylglycine benzyl ester by hydrogenolysis with palladium as catalyst gave 
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L-serylglycylglycine possessing a specific rotation that was identical with 
that reported for L-serylglycylglycine prepared by two other methods 
(26). Thus it seems safe to assume that by the present, as well as by the 
two earlier, methods L-serylglycylglycine and its precursor are obtained 
in an optically pure state. — 

The synthesis of the phosphatidyl tripeptide (IX) was carried out as 
follows (see Reaction Scheme II). The pb-a,8-distearin (V) was phos- 
phorylated with phenylphosphory] dichloride in the presence of quinoline, 
giving rise to the formation of distearoyl-L-a-glycerylphenylphosphoryl 
chloride (VI) and the by-product, bis(distearoyl-L-a-glyceryl) phenyl- 
phosphate (VII). Owing to the formation of by-product VII, some of the 
phenylphosphoryl dichloride remains unchanged. In the second phase 
of the phosphorylation, this material occasions an appreciable loss of the 
valuable tripeptide derivative via two reactions, one leading to the forma- 
tion of phenylphosphory] benzyl 
ester) and the other presumably to a breakdown of the tripeptide. To 
prevent these losses, attempts were made to free the distearoyl-L-a-gly- 
cerylphenylphosphory] chloride (VI) of phenylphosphory! dichloride, prior 
to the esterification of compound VI with the tripeptide derivative (III). 
These attempts were abandoned, however, when it was found that it is 
dificult to obtain products of compound VI with constant chlorine con- 
tent. Hence, without isolating the distearoy]-L-a-glycerylphenylphos- 
phoryl chloride (VI), it was esterified with N-carbobenzoxy-.L-serylglycyl- 
glycine benzyl ester (III) in the presence of an organic base. When 
pyridine was used, the reaction mixture became deep red. By changing 
to 2,6-lutidine, which Atherton, Howard, and Todd (28) found to be an 
efficient base for phosphorylations, the formation of colored by-products 
was greatly reduced, and a better yield of distearoyl-L-a-glycerylpheny]l- 
phosphoryl N-carbobenzoxy-.L-serylglycylglycine benzyl ester (VIII) was 
obtained. Attempts to isolate compound VIII by treating the rather 
complex mixture of phosphorylation products with a number of selective 
solvents gave a product which was enriched in compound VIII but resisted 
further separation by the action of solvents alone. To obtain a purer 
compound recourse was had to a chromatographic separation of the en- 
riched material on a column of silicic acid. By using as eluents a mixture 
of low boiling petroleum ether and diethyl ether (4:1, v/v), followed by 
diethyl ether, two fractions were obtained of which the first consisted 
mainly of bis(distearoyl-L-a-glyceryl)phenylphosphate (VII) and the sec- 
ond of fairly pure distearoyl-L-a-glycerylphenylphosphoryl N-carboben- 
zoxy-L-serylglycylglycine benzyl ester (VIII). A check of the nitrogen 
balance, however, revealed that appreciable quantities of nitrogenous ma- 
terial had been retained by the column. This material could be eluted 
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H2C-OH HoC-0-P-Cl HoC-O————| 
O6CeHs 
H-C-00C.R H-C-00C’R + H-C-00C’ R 
quinoline 
R HoC-00C’ R HoC-00C: RI 
= 
V VI VII 
R* COO-CHe OC-NHCHs 
lutidine 
COO-C-H + CgHsCHs0CNH-C-H 
HoC—O—-PB—C1 HO-CH2 
CeHs 
VI III 
R* CO0O-CH> 
Ho 
OCeHs 
VIII 
R* CO0-CH> OC -NHCH=CONHCH=COOH 
t, Pd 
R*COO-C-H HoN-C-H 
Ho 
0 
R= Ci7Hss 
H 
IX 


O-(Distearoyl L-a-glycerylphosphoryl) L-serylglycylglycine 


Reaction Scheme II 


with methanol. It contained a petroleum ether-soluble compound which 
after further purification gave nitrogen and phosphorus values in agreement 
with those required by theory for phenylphosphoryl bis(V-carbobenzoxy- 
L-serylglycylglycine benzy! ester). 

The concurrent removal of the phenyl-, benzyl-, and carbobenzoxy groups 
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of compound VIII by catalytic hydrogenolysis in glacial acetic acid in the 
presence of a mixture of platinum and palladium catalysts gave O-(di- 
(IX). The phospha- 
tidyl tripeptide, a white solid melting with decomposition from 181-182°, 
was obtained in over-all yields ranging from 10 to 12 per cent. This prod- 
uct is soluble in warm chloroform, 95 per cent ethanol, or glacial acetic 
acid, but insoluble in ether, petroleum ether, or acetone. In its optical 
behavior it resembles the lecithins and cephalins, rather than phosphatidy]- 
serine, in that its specific rotation (+7.6°) is closer to that of the corre- 
sponding lecithin (+6.1°) or cephalin (+6.0°) than to that of phosphatidyl- 
serine ([a}?? —18° = [a]? —6.0°). Moreover, the optical activity of the 
phosphatidyl tripeptide fails to show the marked temperature effect ex- 
hibited by phosphatidylserine (12). 

Possession of the phosphatidyl tripeptide permitted us to carry out a 
few experiments, which, we hoped, would yield some information regard- 
ing the action of alcohol on lipoproteins and lipopeptides. The failure of 
the usual fat solvents (ether, petroleum ether, benzene, or chloroform) to 
extract phosphatides quantitatively from plant and animal tissues is well 
known. The remarkable efficiency of ethanol and other alcohols for this 
purpose seemed to indicate some influence more complex than mere solvent 
action. It has been suggested that the alcohols cause dissociation of cer- 
tain linkages in the lipoprotein complexes, some of which are so weak that 
they can be ruptured by ether when an outer barrier (presumably water) 
has been removed, while others seem to require the more drastic treatment 
with boiling alcohol. However, it has never been established satisfacto- 
rily whether or not the action of alcohol, which is known to release phos- 
phatides from lipoproteins, could cause the rupture of peptide bonds in 
lipoproteins or lipopeptides. To test this rather unlikely possibility, a 2 
per cent solution of the phosphatidyl] tripeptide in 95 per cent ethanol was 
kept at 80° for 30 minutes. The almost complete recovery (96 per cent) 
of unchanged phosphatidyl tripeptide, on cooling to room temperature, 
indicates that under these conditions none of the bonds has been ruptured. 
Thus it seems unlikely that the treatment of organs or tissues with hot 
alcohol to extract the phosphatides involves rupture of peptide bonds. 
The conclusion seems warranted that the alecohol-soluble phosphatides of 
tissue lipoproteins represent material that is not bound to protein by 
covalent bonds. 

With regard to firmly bound (chemically bound?) phosphatides of some 
natural lipoproteins (such as lipovitellin) and lipopeptides, much of the 
present uncertainty as to their structure can be attributed to the lack of 
methods which would allow one to separate these moieties from protein 
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without causing structural changes in the phosphatide moiety. 2 years 
ago (29) we reported that cephalins and phosphatidylserines, but not 
lecithins, when treated with diazomethane, are cleaved at the ester bond 
linking the phosphatidic acid to the nitrogenous moiety. This cleavage 
(diazometholysis) which proceeds without structural changes in the phos- 
phatidyl moiety gives in a good yield the optically pure dimethyl] ester 
of the phosphatidic acid, whose structure and configuration can be 
established readily by comparison with phosphatidic acid esters of known 
constitution. Subsequently, the reaction wasused successfully in the elucida- 
tion of the structure of the glycerophosphoric acid moiety of phosphatidy!l- 
serine (29) that had been isolated from ox brain by the method of Folch. 
We have now found that diazomethane reacts also with the phosphatidyl 
tripeptide, giving in a good yield (90 per cent) the dimethyl] ester of L-a- 
distearoylglycerophosphoric acid. This would suggest that the ‘‘diazo- 
metholysis” of natural lipopeptides and lipoproteins may provide a method 
of setting free “‘chemically bound”’ phosphatidy] moieties in a form in which 
their structure and configuration can readily be determined. 


EXPERIMENTAL 


N-Carbobenzozry-t-serylglycylglycine Benzyl Ester (III)—To a solution 
of 3.6 gm. of glycylglycine benzyl ester hydrochloride (26) and 3 ml. of 
triethylamine in 30 ml. of dry and ethanol-free chloroform were added 
3.3 gm. of N-carbobenzoxy-.L-serine (12) dissolved in 30 ml. of freshly dis- 
tilled acetonitrile and 3.0 gm. of dicyclohexyl carbodiimide in 9 ml. of dry 
chloroform. After standing overnight at room temperature, 75 ml. of 
dichloromethane were added, and the mixture was filtered with suction. 
To separate the tripeptide derivative and dicyclohexylurea, the solid ma- 
terial was suspended in 75 ml. of boiling 1 ,2-dimethoxyethane, and the 
warm mixture was separated by centrifugation. The precipitate was 
extracted once more in the same manner with 75 ml. of boiling dimethoxy- 
ethane. To the combined extracts were added 300 ml. of petroleum ether 
(b.p. 30-60°), and the precipitate was recrystallized from 120 ml. of di- 
methoxyethane. The yield of fairly pure N-carbobenzoxy-.-serylglycyl- 
glycine benzyl ester, melting from 148-151°, was 3.6 gm. (56.4 per cent of 
theory). This material is quite satisfactory for further use. For analysis, 
0.36 gm. of the material was treated with two 6 ml. portions of boiling 
ethyl acetate and washed with low boiling petroleum ether. The benzyl 
ester which was recovered in a yield of 75 per cent melted from 150—-152°; 
reported melting point 151—-153° (26). Mixed melting point with authen- 
tic material gave no depression. 

p-a ,8-Distearin—The diglyceride (30) was prepared from p-mannitol 
via 1 ,2,5,6-diacetone p-mannitol (31), p-acetone glycerol (31), D-acetone 
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glycerol a-benzyl ether (30, 32), L-a-benzyl glycerol ether (30,32), p-a,6- 
distearin a-benzyl ether (30, 32), with the exception that the diacetone 
p-mannitol was recrystallized from a mixture (1:1, v/v) of benzene and 
petroleum ether (b.p. 60-80°), and that the preparation of D-acetone gly- 
cerol a-benzyl ether and L-a’-benzy] glycerol ether was carried out by the 
modified procedures of Howe and Malkin (32). 

O-(Distearoyl-L-a-glycerylphenylphosphoryl) N-Carbobenzoxy-t-serylglycyl- 
glycine Benzyl Ester; Phosphorylation—In a 200 ml. round bottomed, 
3-necked flask equipped with an oil-sealed stirrer, calcium chloride tube, 
and dropping funnel were placed 1.68 gm. (8.0 mmoles) of freshly frac- 
tionated phenylphosphory] dichloride, 1.24 gm. of anhydrous quinoline 
(9.6 mmoles), and 25 ml. of anhydrous and ethanol-free chloroform. To 
the vigorously stirred phosphorylating mixture, which was kept at 25°, 
was added dropwise over a period of 23 hours a solution of 5.0 gm. (8.0 
mmoles) of p-a,@-distearin in 50 ml. of chloroform. 1 hour after com- 
pleting the addition of distearin, the flask was immersed in a water bath 
at 45°, a solution of 3.55 gm. (8.0 mmoles) of N-carbobenzoxy-t-serylgly- 
cylglycine benzyl ester in 45 ml. of warm lutidine! was added rapidly with 
stirring, and the mixture was kept for 2 hours at 45°. At the end of this 
period, the slightly colored solution was concentrated under reduced pres- 
sure, and the residue was freed as thoroughly as possible of quinoline and 
lutidine in a high vacuum (0.1 mm. of Hg) at a bath temperature not ex- 
ceeding 50°. 

Isolation of Compound VIIIJ—The residue was extracted with 50 ml. 
of boiling petroleum ether (b.p. 30-60°), and the mixture was separated 
by centrifugation. The extraction was repeated four times with 20 ml. 
portions of fresh petroleum ether,? and the combined petroleum ether ex- 
tracts were brought to dryness under reduced pressure. The solid residue 
was dissolved in 75 ml. of chloroform, and the solution was washed as 
rapidly as possible with 20 ml. portions of ice-cold 1.5 N sulfuric acid until 
the acid was free of lutidine and quinoline, as indicated by a negative test 
with ammonium reineckate, and with distilled water until the wash water 
remained neutral. After drying the chloroform solution with anhydrous 
sodium sulfate, the solvent was removed under reduced pressure, and the 


1 Commercial 2,6-lutidine was freed of picolines by the method of Cathcart and 
Reynolds (33). The purified material was dried by boiling under reflux over barium 
oxide and was fractionally distilled by using a Vigreux column. 

2 The petroleum ether-insoluble material, on dissolving in chloroform and washing 
with cold dilute sulfuric acid, gave a material which, after recrystallization from 
acetone, contained nitrogen and phosphorus in a ratio of approximately 2:1. This 
ratio suggests that it is mainly a phosphatidyl dipeptide. It is possible that the 
terminal amino acid has been removed by the action of phenylphosphory] dichloride. 
A similar observation has been reported by Pascu and Wilson (384). 
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residue was freed thoroughly of chloroform in a high vacuum at a bath 
temperature of 35-40°. The solid material, weighing 7 gm., was dissolved 
in 100 ml. of hot acetone, and the solution was allowed to attain room tem- 
perature (25°) gradually. The precipitate, which had formed on standing, 
was centrifuged off and washed with two 20 ml. portions of acetone. The 
mother liquor and washings were combined, and the acetone was distilled 
off under reduced pressure. The residue was taken up in 50 ml. of hot 
petroleum ether, and the solution, after being allowed to stand overnight 
at room temperature, was freed by centrifugation of a slight precipitate. 
The clear solution, containing approximately 4 gm. of material, was placed 
on a chromatographic column which had been prepared by pouring a slurry 
of 50 gm. of silicic acid* in petroleum ether (b.p. 35-60°) into a glass tube 
of 45 cm. height and 2.8 cm. diameter while tapping the side of the tube 
firmly with a rubber mallet (35). The column was washed successively 
with 200 ml. of low boiling (b.p. 35-60°) petroleum ether (Eluate 1), 300 
ml. of a mixture of 4 volumes of low boiling petroleum ether and 1 volume 
of diethyl ether (Eluate 2), and 300 ml. of diethyl ether (Eluate 3); the 
eluates were collected separately. On removal of the solvents under re- 
duced pressure (bath temperature 30-35°), Eluate 1 left only traces of a 
solid residue, while Eluate 2 gave 1.2 gm. of solid material which consisted 
largely of bis(distearoyl-L-a-glyceryl)phenylphosphate (calculated, P 2.24, 
N 0.0; found, P 2.20, N 0.3), and Eluate 3 gave 1.8 gm. (18.7 per cent of 
theory) of fairly pure distearoyl-L-a-glycerylphenylphosphoryl N-carbo- 
benzoxy-L-serylglycylglycine benzyl] ester. 


C 67H 06014N3P (1206.5). Calculated. N 3.48, P 2.57 
Found.‘ 3.40, 2.50 
3.59, 2.44 


(I1X)—A_ solu- 
tion of 1.8 gm. of distearoyl-L-a-glycerylphenylphosphoryl N-carboben- 
zoxy-L-serylglycylglycine benzyl ester (VIII) in 50 ml. of lukewarm glacial 
acetic acid, together with 0.5 gm. of platinum oxide’ and 0.5 gm. of pal- 
ladium black (37), was placed in an all-glass hydrogenation vessel of 250 
ml. capacity, and the mixture was vigorously shaken in an atmosphere of 
pure hydrogen® at an initial pressure of about 50 cm. of water until the 
absorption of hydrogen ceased. After displacing the hydrogen with nitro- 
gen, the mixture was transferred to a centrifuge tube, the precipitate was 


3 The silicic acid (Merck reagent grade) was sifted to remove particles finer than 
74 uw (United States sieve No. 200). 

4 Analyses of several independent preparations. 

5 The catalyst was prepared as described (36), except that the sodium nitrate was 
replaced by an equimolecular amount of potassium nitrate. 

Electrolytically produced hydrogen was used. 
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brought into solution by warming the mixture to 65°, and the catalyst was 
removed by a brief centrifugation of the warm mixture. The mixture of 
catalysts was extracted with two 10 ml. portions of warm glacial acetic 
acid. The clear supernatant solutions were combined and kept at +6° 
forl hour. The precipitate was collected with suction on a Biichner fun- 
nel, washed with a few ml. of cold glacial acetic acid, followed by ether, and 
dried in vacuo over sodium hydroxide pellets. This material was tritu- 
rated with 10 ml. of chloroform, filtered with suction, and washed on the 
filter with four 5 ml. portions of chloroform. The dried material, weighing 
0.77 gm. (57 per cent of theory, over-all yield 10.6 per cent) and melting 
from 180—-181°, was dissolved in 15 ml. of warm chloroform. To the solu- 
tion were added dropwise and with swirling 10 ml. of acetone, and the mix- 
ture, while still warm, was centrifuged briefly. The clear supernatant 
solution was decanted and kept at 6° for several hours. The phosphatidyl 
tripeptide was centrifuged and resuspended in acetone, and the mixture 
was separated by centrifugation. After repeating the treatment with 
acetone once more, the substance was dried in vacuo at room temperature; 
recovery 85 per cent, m.p. 181—182° (decomposition),’ [a], +7.6° (+0.2°) 
in ethanol-free chloroform (c, 5). The rotation does not change measura- 
bly within the temperature range 15-40°. The phosphatidyl tripeptide 
is insoluble in ether, petroleum ether, or acetone, slightly soluble in glacial 
acetic acid at room temperature (20-25°), and readily soluble in warm 
(60°) glacial acetic acid, 95 per cent ethanol, or chloroform. 


CysHssOi12N3P (906.2). Calculated. C 60.96, H 9.78, N 4.68, P 3.42 


Found.‘ 60.92, 9.78, 4.68, 3.50 
“61.02, “ 9.66, “ 4.78, “ 3.40 
61.28, 9.87, 3.49 


A solution of 50 mg. of the phosphatidyl tripeptide in 2.5 ml. of warm 
95 per cent alcohol was kept in a bath at 80° (1°) for 30 minutes. After 
standing for 2 hours at room temperature (24°), the precipitate was centri- 
fuged and dried in vacuo over calcium chloride. The recovered material 
weighed 48 mg. (96 per cent of theory). Its melting point and phosphorus 
content (calculated, P 3.42; found, P 3.43) agreed with those of unchanged 
phosphatidylserylglycylglycine. 

Diazometholysis of Phosphatidyl Tripeptide—-The diazometholysis of 
distearoyl-L-a-glycerylphosphoryl-L-serylglycylglycine (150 mg.) and the 
isolation and purification of the phosphatidic acid ester were carried out 
as described for phosphatidylserine (29), except that a mixture of chloro- 
form and ethanol (10:1, v/v) was used as solvent for the phosphatidyl 

7 The melting point was determined in a capillary tube, by using an electrically 


heated bath of n-butyl phthalate and a short stem thermometer with a range of 50°. 
The bath was preheated to 150°, and the temperature was raised 5° per minute. 
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tripeptide and that the chromatographic purification of the cleavage prod- 
uct was carried out in ether solution. The distearoy]-L-a-glycerophos- 
phoric acid dimethy] ester, which was obtained in a yield of 89 per cent of 
theory, on recrystallization from methanol melted from 50—-51°. Authen- 
tic distearoyl-L-a-glycerophosphorie acid dimethyl ester melts at 52-53° 
(29); mixed melting point 51—52°. 

L-Serylglycylglycine—The removal of the protective groups of N-carbo- 
benzoxy-L-serylglycylglycine benzyl ester by catalytic hydrogenolysis and 
the purification of the tripeptide by reprecipitation from water with alco- 
hol were carried out as described by us in an earlier publication (26). The 
tripeptide, which was obtained in a yield of 80 per cent of the theory, pos- 
sessed the specific rotation [a]?? +31.8° (1 n HCl; c, 5.6) and molecular 
rotation M, +69.7°; reported for serylglycylglycine (26) [a] -+32.5° 
(1 n HCI; c, 5.4), Mp +71.4°. Both rotations are higher than those re- 
ported for L-serylglycine (38), 7.e. [a], +30.2° (1 N HCl), Mp +48.9°. 
On suspecting that this anomaly was caused by the acid medium, the optical 
activity of both peptides was determined in distilled water. In this sol- 
vent, the specific rotation of L-serylglycylglycine, [a]?’ +34.0°, not only 
is lower than that of L-serylglycine, [a]? +45.5° (c, 1.8), but also, in ac- 
cordance with theoretical considerations, the molecular rotations of both 
peptides are now practically identical, +745° and +738°, respectively. 


SUMMARY 


The synthesis of a phosphatidyl tripeptide has been accomplished. It 
was prepared by (a) phosphorylation of p-a ,@-distearin with phenylphos- 
phory] dichloride and pyridine, (6) esterification of the resulting distearoyl- 
L-a-glycerylphenylphosphoryl chloride with N-carbobenzoxy-L-serylgly- 
cylglycine benzyl ester in the presence of lutidine, and (c) removal of the 
protective groups by catalytic hydrogenolysis. The O-(distearoyl-L-a- 
glycerylphosphory])-L-serylglycylglycine was obtained in an over-all yield 
of 12 per cent. 

The synthesis of N-carbobenzoxy-t-serylglycylglycine benzyl ester, for 
which two procedures have been reported, has been simplified considerably 
by condensing N-carbobenzoxy-L-serine with glycylglycine benzyl ester 
by means of N ,N’-dicyclohexylcarbodiimide. 

The phosphatidyl] tripeptide is cleaved by diazomethane with the forma- 
tion of the dimethyl ester of its phosphatidic acid moiety. This suggests 
that diazomethane may prove to be a valuable analytical tool in the eluci- 
dation of the structure of natural lipopeptides and lipoproteins. 


The authors acknowledge with gratitude the support of their work by a 
Research Grant from the National Research Council, Division of Medicine, 
Ottawa, Canada. 
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AN INORGANIC PYROPHOSPHATASE OF SWINE BRAIN* 


By ULYSSES 8S. SEALT anp FRANCIS BINKLEY 


(From the Department of Biochemistry, Division of Basic Health Sciences, 
Emory University, Georgia) 


(Received for publication, March 1, 1957) 


In recent years, a number of reactions leading to the liberation of in- 
organic pyrophosphate have been described. Since the only known reac- 
tion leading to a net decrease in the concentration of inorganic pyrophos- 
phate is that of hydrolysis, the properties of inorganic pyrophosphatases 
are of interest. The discovery of an inorganic pyrophosphatase in muscle 
was made by Lohmann (2) and one was demonstrated in mammalian ner- 
vous tissue by Gordon (3). <A purification procedure for an inorganic 
pyrophosphatase of nervous tissue has been reported (4). This procedure 
resulted in a preparation hydrolyzing adenosine triphosphate as well as 
inorganic pyrophosphate. 

The characterization of the inorganic pyrophosphatases of mammalian 
nervous tissue (as well as of other tissues) has been complicated by hetero- 
geneity of the preparations used. The dependence of activity upon sulf- 
hydryl groupings, the effect of metal ions, and the relationship of adeno- 
sinetriphosphatase and inorganic pyrophosphatase have been disputed. 
The enzyme described here is conveniently prepared and appears to be 
quite stable. 


Materials and Methods 


Materials—Frozen swine brains were obtained from the local slaughter- 
houses and stored at —20° until used. There was no decline in activity 
with 2 years of storage. The Tris (tris(hydroxymethyl)aminomethane) 
and p-chloromercuribenzoate were obtained from the Sigma Chemical 
Company, glutathione and adenosine triphosphate from the Schwarz Lab- 
oratories, Inc., cysteine (free base and hydrochloride) and 6-glycerol phos- 
phate from the Nutritional Biochemicals Corporation. 

Methods—Inorganic and acid-labile phosphates were determined by the 
method of Allen (5). Nitrogen was determined by a micro-Kjeldahl pro- 
cedure. For routine assays during purification, 3 ml. of 0.1 m Tris-HCl, 
pH 7.8, 1 ml. of 0.05 m MgCl:, 1 ml. of 0.01 mM cysteine, 1 ml. of 0.01 m 
EDTA (ethylenediaminetetraacetic acid), 1 ml. of 0.025 m pyrophosphate, 


* These studies were supported by grants from the United States Public Health 
Service. A preliminary report of this work has been published (1). 
t Predoctoral Fellow of the United States Public Health Service. 
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and 1 ml. of water were equilibrated at 37°, and then 1 ml. of suitably di- | 
luted enzyme was added. After 15 minutes the reaction was stopped by © 
the addition of 1 ml. of 50 per cent trichloroacetic acid. The mixture was © 
filtered, and inorganic phosphate was determined immediately on an ali- © 
quot. The assays on the purified material differed in that the final volume 
of the incubation mixture was 10 ml.; 1 ml. aliquots were removed at var- 


ious time intervals and added directly to 5 ml. of 12 per cent perchloric _ 


acid for phosphate determination. A unit of enzyme is defined as that © 
amount which will liberate 1 mg. of orthophosphate P in 1 minute at 37° | 
under the standard assay conditions. Specific activity refers to units per | 
mg. of protein N. Water, redistilled from glass, was used for the prepara- _ 
tion of all assay reagents and in the final steps of purification. Corrections 
for total inorganic phosphate, found in both the substrate and enzyme, 
were usually less than 5 per cent of the experimental values. 


EXPERIMENTAL 


Preparation of Enzyme. Step I—5 pounds of brain tissue were allowed 
to thaw partially. 200 gm. portions were homogenized in a Waring blendor 
for 45 seconds with 500 ml. of 0.1 m MgCle. The homogenate was allowed 
to stand for 24 hours at about 7°. It was then centrifuged for 20 minutes 
at 1000 X g in an International refrigerated centrifuge, model PR-2, at 0°. 
The precipitate contained about 85 per cent of the adenosinetriphospha- 
tase activity of the whole homogenate. The pyrophosphatase activity 
remaining in the precipitate could be recovered by washing with additional 
0.1 mM MgCle. However, this was not done routinely. 

Step [J—An additional 0.1 mole of solid MgCle and 500 mg. of sodium 
lauryl sulfate were added to each liter of supernatant solution. The mix- 
ture was then incubated for 1 hour at 37°, cooled, and centrifuged, and the 
precipitate was discarded. 

Step III—To each liter of supernatant solution were added 100 ml. of a 
mixture of chloroform and octanol (95 and 5 parts respectively by volume) 
and the mixture was shaken mechanically for 20 minutes. The mixture 
was centrifuged and the supernatant solution was collected. To each 
liter were added 15 gm. of Hyflo Super-Cel (Johns-Manville) and 5 gm. of 
Lloyd’s reagent. The mixture was filtered on large Biichner funnels with 
gentle suction. 

Step I1V—The filtrate was collected and 75 ml. of alumina gel (6) were 
added to each liter of filtrate. ‘The suspension was mixed for 20 minutes, 
centrifuged, and the supernatant solution was discarded. From this point 
only glass-distilled water was used. The gel was washed once with 5 vol- 
umes of water (per volume of gel), once with 5 volumes of 0.05 mM pyrophos- 
phate, pH 5.2, and the activity was then eluted with two portions of 2 vol- 
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umes each of 0.1 mM pyrophosphate, pH 6.5. These eluates retained full 
activity for 3 to 6 months when kept refrigerated. All the nitrogen in the 
eluates was precipitated upon the addition of trichloroacetic acid. 

Step V—The two eluates were fractionated separately with ammonium 
sulfate. 30 gm. per 100 ml. of eluate were added, the solution was allowed 
to stand for 30 minutes, was centrifuged, and the precipitate was discarded. 
35 gm. of additional ammonium sulfate were added, the solution was al- 


' lowed to stand for 30 minutes, and the precipitate was collected by cen- 


trifugation. The centrifuge bottles were allowed to drain in an inverted 
position and the precipitate was dissolved in 10 ml. of 0.01 m phosphate 
buffer (pH 6.5) per 100 ml. of eluate. Any residue remaining after 2 days 
was removed by centrifugation and discarded. The over-all purification 
was about 165-fold (Table I). 


TABLE I 
Summary of Purification 
Step No. | Volume Total units ——— =. Yield 
ml, mg. per cent 
I Homogenate 13, 200 3520 35, 244 0.10 
Supernatant fluid 10,120 2700 6,776 0.40 76 
II Sodium lauryl] sulfate 9,900 2440 2,970 0.82 59 
III Chloroform-octanol 9,900 2510 2,574 0.97 60 
IV Alumina eluate 1 1,470 1860 308 6.03 39 
V (NH,)2S0O, 132 1770 106 16.7 37 


The material from the ammonium sulfate fractionation contained no 
detectable adenosinetriphosphatase, alkaline phosphatase, acid phospha- 
tase, ‘acid’? pyrophosphatase, or 5’-nucleotidase activity. 

pH Optimum—The pH optimum was broad with a peak at pH 7.6 to 7.8. 
It was not shifted by the presence of cysteine or EDTA. The initial ho- 
mogenate showed an additional peak at pH 5.0. The presence of this 
activity was reported by Lowry (7). This activity was retained in the 
precipitate of Step I. The activity of the ‘‘acid” pyrophosphatase was 
about 3 per cent of the “‘alkaline” pyrophosphatase and was not affected 
by 0.01 m EDTA or the absence of magnesium ions; this material is being 
studied further. 

Metal Ion Effects—The activity shows an absolute requirement for mag- 
nesium ion. No activity was observed with any other polyvalent ion 
tested. In the presence of magnesium ion, all other polyvalent metal ions 
tested (except barium) decreased the activity to some degree. As may 
be seen in Table II, the metal ions fell into three groups with respect to the 
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mode of inhibition. For the first group (Cd, Hg, Ni), the presence of 


cysteine (or glutathione) was required to prevent or reverse the inhibition. 


TABLE II 
Inhibition by Metai Ions 
Reversal with 
Ion Inhibition 
0.005 M cysteine 0.001 m EDTA 
per cent per cent per cent 


The final concentration of all metal ions was 1 X 10-‘m. The mixture was prein- 
cubated for 5 minutes at 37° with the metal ion, and the reaction was started by the 
addition of substrate. For demonstration of reversal, either cysteine or EDTA was 
added 5 minutes after the metal ion, and the mixture was preincubated for 5 more 
minutes before the addition of substrate. The assay was as described under ‘‘Ma- 
terials and methods,” except that cysteine and EDTA were added only as indicated. 


TaBLeE III 
Activation by EDTA and Cysteine 
Cysteine 
EDTA None 
5X 10-4 5X 10-3 M 5 X 107? 
M P P P P 
None 11 21 33 47 
1 X 10-5 19 21 35 55 
1 X 10-4 22 23 38 55 
1 X 10° 25 27 43 70 
2X 10-3 27 29 37 57 
5 X 107% 4 3 4 6 


The reaction was started by the addition of 1 ml. of enzyme solution containing 
57 of protein N. The figures represent micrograms of P released in 7.5 minutes per 
micrograms of protein N. The assay was as described under ‘‘Materials and meth- 
ods,”’ except that cysteine and EDTA were added as indicated above. 


The effect of EDTA was variable. For the second group of metal ions 
(Co, Fe, Zn) cysteine or glutathione and EDTA were equally effective in 
reversing the inhibition. For the third group of metal ions (Mn, Ca), 
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EDTA prevented or reversed the inhibitory effects and sulfhydryl com- 
pounds were not effective. 

Sulfhydryl Reagents—The activating effect of cysteine (and glutathione) 
isshown in Table III. In these experiments, the enzyme was preincubated 
for 5 minutes with the sulfhydryl compound. The degree of activation 
afforded by the two compounds was identical. Thioglycolic acid was also 
effective as an activator. The activity was inhibited by p-chloromercuri- 
benzoate (Fig. 1). At 90 per cent inhibition by 1 X 10-4 m p-chloromer- 
curibenzoate, the reactivation by 0.01 mM cysteine was 75 per cent. 1 X 
10-3 m cyanide and 1 X 10-* M ascorbic acid had no effect upon the activity. 


568 $ 8 


PER CENT OF ACTIVITY REMAINING 


10 20 30 40 50 60 70 80 90 10 


MOLES PCMB PER 10° GMS PROTEIN 


Fic. 1. The incubation mixture contained 1 X 10-2 m Tris-maleate buffer at 
pH 6.8, 5 X 10-3 m Mg**, 1 X 10°? mM EDTA, 100 y of protein nitrogen, and various 
concentrations of p-chloromercuribenzoate (PCMB) in a final volume of 10 ml. 


Fluoride, at 2 & 10-* M, inhibited 50 per cent and the inhibition was not 
reversed by cysteine or EDTA. 

Chelating Agents—EDTA was effective as an activating agent in the 
presence and absence of sulfhydryl compounds (Table III). The maximal 
activation, in the absence of sulfhydryl compounds, occurred at an EDTA 
concentration of 2 KX 10-* m. In the presence of sulfhydryl compounds, 
the degree of activation was related to the concentration of EDTA and the 
sulfhydryl compound. Diethyldithiocarbamate, Versene-Fe-3-specific, and 
a,a -dipyridyl were not effective as activating agents. 


DISCUSSION 


The initial separation of the adenosinetriphosphatase and the inorganic 
pyrophosphatase activities of brain, with nearly quantitative recovery of 
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both, demonstrates the non-identity of the two activities in this tissue. 
The preparation described here does not hydrolyze other phosphate esters. 
The activation with magnesium ion is a function of the concentration of 
substrate and follows, in general, the same relationships of activation as 
the enzyme from yeast (8) and rat brain (9). 

It is apparent that the activity is dependent upon sulfhydryl groupings 
and that the inhibitions by heavy metal ions are due largely to reactions 
with the essential sulfhydryl groupings of the enzyme. Inhibitions with 
heavy metal ions or with reagents more or less specific for sulfhydryl group- 
ings are fully reversible. It is of interest that a variety of sulfhydryl com- 
pounds are equally effective in the activation of the enzyme and in the 
reversal of inhibitions. The activation with low concentrations of EDTA 
may be explained on the basis of binding of trace metals and the retardation 
of autoxidation. However, the mechanism of activation with higher con- 
centrations of EDTA, previously observed in a rat liver preparation by 
Swanson (10), is obscure. Experiments with the yeast inorganic pyro- 
phosphatase, prepared by the method of Heppel and Hilmoe (11), indicate 
that it is activated in a similar fashion by EDTA. 

It is of interest to compare the pyrophosphatase of brain tissue with that 
isolated by Kunitz (8) from yeast. Attempts at crystallization of the 
enzyme of brain tissue have not been successful; the activity of our mate- 
rial is similar to that of Kunitz prior to crystallization. Nevertheless, 
certain aspects of behavior may be contrasted. Magnesium ion was the 
only ion activating the hydrolysis by the enzyme from brain tissue, whereas 
magnesium, cobaltous, and manganous ions were activators for the yeast 
enzyme. The pH-activity relationships of the two enzymes are similar 
with the optimum in each case, depending upon the ratio of magnesium 
ion to substrate. The stability to temperature is similar. There appears 
to be no comparable data on the role of sulfhydryl groupings in activity 
and no report of the necessity for sulfhydryl compounds for optimal activity 
of the enzyme from yeast. 


SUMMARY 


1. An inorganic pyrophosphatase of swine brain has been purified about 
165-fold. The preparation contained no detectable adenosinetriphos- 
phatase or alkaline phosphatase activity. 

2. The enzyme had a pH optimum of 7.6 to 7.8, required magnesium 
ions, and was activated by ethylenediaminetetraacetic acid, cysteine, glu- 
tathione, and thioglycolic acid. It was inhibited by a variety of polyvalent 
metal ions and p-chloromercuribenzoate. These inhibitions were reversi- 
ble. 
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BIOSYNTHESIS OF THE PURINES 


XVI. THE SYNTHESIS OF ADENOSINE 5’-PHOSPHATE AND 
5-AMINO-4-IMIDAZOLECARBOXAMIDE RIBOTIDE BY A 
NUCLEOTIDE PYROPHOSPHORYLASE* 


By JOEL G. FLAKS, MARY JANE ERWIN, ann JOHN M. BUCHANAN 


(From the Division of Biochemistry, Department of Biology, Massachusetts 
Institute of Technology, Cambridge, Massachusetts) 


(Received for publication, January 14, 1957) 


Considerable evidence has been obtained demonstrating that 5-amino-4- 
imidazolecarboxamide ribotide! is an intermediate both in the de novo 
synthesis of inosine 5’-phosphate (IMP) and in the conversion of 5-amino-4- 
imidazolecarboxamide (AICA) to IMP. Two mechanisms are now known 
for the conversion of AICA to AICAR. One of these involves the conver- 
sion of AICA and ribose 1-phosphate to 5-amino-4-imidazolecarboxamide 
riboside by action of nucleoside phosphorylase (1) and further conversion 
of the riboside to the ribotide by a kinase enzyme present in both yeast 
and pigeon liver (2). 

The second mechanism to be described in this communication involves 
the direct condensation of the base with 5-phosphoribosyl pyrophosphate 
(PRPP) to yield inorganic pyrophosphate and the ribotide by a reaction 
similar to that already reported for hypoxanthine, guanine, adenine, and 
orotic acid (3-5). The enzyme preparation responsible for the reaction 
of AICA also catalyzes the conversion of adenine to adenosine 5’-phosphate 
(AMP-5’). A second nucleotide pyrophosphorylase, however, is necessary 
for the conversion of hypoxanthine, guanine, and 6-mercaptopurine to 
their corresponding ribotides. 

EXPERIMENTAL 


Materials—AICA was obtained from the California Foundation for 
Biochemical Research, adenosine triphosphate (ATP) from the Pabst 


* This work has been supported by grants-in-aid from the National Cancer Insti- 
tute, National Institutes of Health, Public Health Service, and the National Science 
Foundation. 

1The abbreviations used are AICA, 4(5)-amino-5(4)-imidazolecarboxamide; 
AICAR, 5-amino-4-imidazolecarboxamide ribotide; IMP, inosine 5’-phosphate; 
AMP-5’, adenosine 5’-phosphate; PRPP, 5-phosphoribosyl pyrophosphate; ATP, 
adenosine triphosphate; Tris, tris(hydroxymethyl)aminomethane; P-P, inorganic 
pyrophosphate. The correct chemical names for 5-amino-4-imidazolecarboxamide 
riboside and 5-amino-4-imidazolecarboxamide ribotide are 5-amino-1-8-p-ribosyl- 
4-imidazolecarboxamide and 5-amino-1-8-p-ribosyl-4-imidazolecarboxamide 5’-phos- 
phate, respectively. The compounds are named as having a @ configuration, since 
they are precursors of inosinic acid, which is known to be of the 8 form. 
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Laboratories, adenine and AMP-5’ from the Schwarz Laboratories, Inc., 


and hypoxanthine from Hoffmann-La Roche, Inc. Xanthine oxidase 
was prepared by the method of Ball (6) as modified by Kalckar (7), and — 


5’-adenylic acid deaminase by the method of Kalckar (7). Ribose 5- 


phosphate was obtained by the hydrolysis of AMP-5’ (8), and yeast 
inorganic pyrophosphatase, prepared by the method of Kunitz (9), was a_ 


gift of Dr. Fritz Lipmann. Snake venom (Crotalus adamanteus) was 
obtained as a lyophilized preparation from Ross Allen’s Reptile Institute © 


and used as such for 5’-nucleotidase activity. 


§-Phosphoribosyl pyrophosphate was prepared by a modification of the | 


method of Remy et al. (10) as follows:? The enzyme, which is stable for 
long periods of time in the lyophilized form, was a 0 to 15 per cent ethanol 
fraction of pigeon liver extract prepared as previously described (11). 


The incubation mixture consisted of 300 umoles of ATP, 400 umoles of | 
the sodium salt of ribose 5-phosphate, 3.2 mmoles of potassium phosphate — 
buffer, pH 7.4, 1.6 mmoles of MgCl», and 130 mg. of enzyme dissolved in | 


10 ml. of 0.01 m Tris buffer, pH 7.4. The final volume was 100 ml. Four 


such vessels were incubated for 15 minutes at 38° and then cooled in an | 


ice bath. 4 gm. of Norit were added to each vessel, and the contents were 
stirred and filtered by suction through a thin Celite pad on a Dowex 1 
formate column (2.5 XK 15 cm., 200 to 400 mesh) at 2°. A gradient elution 
of the column was carried out in the cold with 1.5 mM ammonium formate, 
pH 5.0, dropping into a mixing vessel containing 500 ml. of water. Frac- 
tions of 20 ml. were collected and assayed for pentose by the orcinol reaction 
(12). Two pentose-containing peaks were obtained, the first ribose 5- 
phosphate and the second PRPP. ‘To the combined PRPP fractions were 
added 4 ml. of 1 mM MgCle and 3 volumes of 95 per cent ethanol. The 
mixture was allowed to stand overnight at —15° when a large part of 
the supernatant fluid was removed by decantation. The magnesium salt 
of PRPP was collected by centrifugation in the cold at —15°, was washed 
twice with cold absolute alcohol, once with cold acetone, and finally at room 
temperature with acetone and ether. The compound was then quickly 
dried at room temperature and stored in a desiccator in the cold. The 
material at this point is approximately 75 per cent pure but can be obtained 
almost pure by repeating the chromatography and isolation described 
above. The sodium salt was obtained by passing a solution of the soluble 
magnesium salt through a small Dowex 50 column in the sodium form. 
The over-all yield of the entire synthesis was 40 to 50 per cent according 
to the ATP used. 

Enzymatic Assays and Definition of Enzyme Units—The assay system 


2 The modifications for larger scale preparation of PRPP were made in collabora- 
tion with Dr. Armand J. Guarino and Dr. Standish C. Hartman. 
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for 5-amino-4-imidazolecarboxamide ribotide pyrophosphorylase activity 
contained, in a total volume of 1 ml., 5 umoles of AICA, 1 umole of PRPP, 
100 wmoles of Tris buffer, pH 8.0, 10 umoles of MgCl, and enzyme. The 
vessels were incubated for 20 minutes at 38°, and the reaction was stopped 
by placing the vessels in a boiling water bath for 2 minutes. Denatured 
protein was removed by centrifugation, and the vessel contents were 
washed on to a Dowex 1 chloride column (1 X 3 cm.), which was rapidly 
washed free from AICA with 100 ml. of water under pressure. AICAR, 
which was retained by the column, was eluted with 5 ml. of 0.4 m HCl. 
Assay of the AICAR synthesized was made on a 2 ml. aliquot of the eluate 
by measuring the diazotizable amine present. ‘The conditions for the 
assay of adenosine 5’-phosphate pyrophosphorylase and inosinic acid 
pyrophosphorylase activities were identical with those of the preceding 
assay, except that the vessels contained 1 umole of adenine or hypoxanthine, 
respectively, in place of the AICA. The AMP-5’ synthesized was deter- 
mined spectrophotometrically (13). In the case of the hypoxanthine- 
containing vessels, the reaction was stopped by addition of 0.2 ml. of 10 
per cent HClO,. The residual hypoxanthine was determined by the 
method of Kalckar (14). 3 

In all three cases a unit of enzyme activity was defined as the amount of 
enzyme required to synthesize 0.1 umole of ribotide under the conditions 
of assay. Protein was determined spectrophotometrically at 280 my on 
the assumption that 1 mg. of protein in a 1 cm. cuvette gives an extinction 
of 1.6. 

Analytical Methods—Diazotizable amine was determined by the method 
of Bratton and Marshall (15) as modified by Ravel, Eakin, and Shive 
(16), and inorganic phosphorus and total phosphorus by the method of 
Fiske and Subbarow (17) as modified by Gomori (18). 

The method for the determination of pentose depended upon the com- 
pound analyzed. For the analysis of PRPP and ribose 5-phosphate, 
the method of Mejbaum (12) was used essentially without modification. 
AMP-5’ was employed as the standard of comparison. However, AICAR 
must be hydrolyzed in 3 N HCl for 0.5 hour at 100° before pentose deter- 
mination. AMP-5’, which was used as a standard, was similarly treated. 


RESULTS AND DISCUSSION 


Large Scale Preparation of 5-Amino-4-imidazolecarboxamide Ribotide— 
The incubation vessel contained, in a volume of 200 ml., 100 umoles of 
PRPP, 500 umoles of AICA, 2 mmoles of MgCl., 6 mmoles of Tris buffer, 
pH 8.0, and 480 units of an enzyme which had been purified approximately 
40-fold. The vessel was incubated at 38° for 40 minutes and the reaction 
was stopped by placing the vessel in a boiling water bath for 2 minutes. 


Inc., 
dase 
and 
e 
east 
‘as a 
was 
tute 
the 
for 
anol 
11). 
s of 
ate 
in 
our 
an 
ere 
xl. 
jon 
ite, | 
ac- 
ion 
5. 
ere 
‘he 
of 
alt 
ied 
m 
cly 
he 
ed 
ed 
1. 
ng 
m 


204 BIOSYNTHESIS OF PURINES. XVI 


The contents were filtered through a Celite pad with suction and the filter 
washed with a small volume of water. The filtrate and washings were | 
cooled to 2° and passed through a Dowex 1 chloride column (1.5 X 15 cm., | 
2 per cent cross-linked, 50 to 100 mesh) at 2°. 300 ml. of cold distilled 
water were passed through the column, and the eluate was discarded. 
Cold 0.1 nN HCl was passed through the column and fractions of 15 to 20 
ml. were collected. The optical density at 267 my fell to 0.060 by the 
fifth fraction. Fractions 1 through 4 were pooled and the pH adjusted 
to 4.0 with 3 Nn NH,OH. The volume was reduced to 10 ml. in vacuo 
at 40°, and 0.3 ml. of 1 mM barium acetate was added together with 25 ml. 
of 95 per cent ethanol. The contents were allowed to sit at —15° for 1 
hour and then centrifuged in the cold (—15°). The precipitate was 
discarded and 15 ml. of 95 per cent ethanol, 0.5 ml. of 1 mM barium acetate, 
and 20 ml. of ether were added to the solution. The resulting precipitate 
was permitted to stand at —15° for 1 hour and then centrifuged at this 
temperature. The precipitate, which was washed twice with cold acetone 
and once with ether and dried in air, was then suspended in 3 ml. of water. 
The insoluble material was separated by centrifugation and discarded. 

15 ml. of acetone were added to the supernatant solution, and, after 
1 hour at — 15°, the precipitate was collected by centrifugation and washed 
and dried as described above. The barium salt of AICAR was approxi- 
mately 75 per cent pure and was obtained in a yield of 50 per cent based 
upon the PRPP initially used. 

The above material was used routinely for metabolic studies, since the 
principal contaminant was ribose 5-phosphate. For analysis, however, a 
sample was converted to the sodium salt with sodium sulfate, streaked on 
sheets of Whatman No. 1 filter paper, and chromatographed for 24 hours 
in a solvent system composed of isobutyric acid-concentrated ammonia- 
water, in a volume ratio of 100:2:58 (19). The AICAR appeared as the 
sole ultraviolet-absorbing substance at an Ry, of 0.20. This material was 
eluted from the paper with water and, after concentration in vacuo, was 
precipitated as the barium salt as described above. 

Both the unpurified and purified samples of the barium salt of AICAR 
were analyzed for arylamine, pentose, organic P, inorganic P, and inorganic 
pyrophosphate (Table I). Inorganic P and inorganic pyrophosphate were 
not present in any of the samples. 

Characterization of 5-Amino-4-imidazolecarboxamide Ribotide; Titration of 
AICAR—The titration curve for AICAR after conversion of the barium 
salt to the free acid on Dowex 50 H+ demonstrated the existence of 1 
secondary hydrogen ion (pK 6.3) of organic phosphate in addition to only 
1 primary hydrogen ion (Fig. 1). This indicated that the amino group 
was probably internally neutralized by the primary hydrogen ion of the 
phosphate group and that the compound does not precipitate under these 
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TABLE 
Analyses of Samples of 6-Amino-1-8-p-ribosyl-4-imidazolecarboramide 5’-Phosphate 
Analysis Sample I* Sample IIf Sample IIIt 
umoles per mg.§ pmoles per mg.§ pmoles per mg.§ 

Arylamine 1.61 1.90 1.97 
Pentose 1.74 1.86 1.89 
Organic P 1.78 1.89 1.99 
Arylamine]| 1.0 1.0 1.0 
Pentose 1.08 0.98 0.96 
Organic P 1.11 0.99 1.01 


* Purified by the precipitation procedure as described in the text. 

t Recrystallized as the barium salt from water with acetone. 

t Purified by paper chromatography as described in the text. 

§ Micromoles per mg. of dry weight of analyzed moiety of the barium salt of 


AICAR. 


|| Ratio (arylamine 


{ Theory for the number of micromoles contained in 1 mg. of the above compound 
of empirical formula CyH,;N,OsPBa (molecular weight, 474) is 2.11. 


0.7 


ml. NaOH 


O 


fe) 


© 


4 


5 


pH 


Fic. 1. The titration curve of AICAR. 9.2 umoles of the barium salt of purified 
AICAR (Sample II, Table I) were dissolved in water and placed on a Dowex 50 H* 
column (0.9 X 2cm.). As determined by arylamine assay, 4.8 zmoles of the ribotide 
were collected for titration with the glass electrode with 0.01409 Nn NaOH. 
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conditions as the chloride salt. Probably the pK of the amino group of 
AICAR is in the neighborhood of that of the free base (approximately 
4.4 or less). 

Chromatography of Purine and AICA Compounds—AICAR was treated 
at pH 9.0 with snake venom containing 5’-nucleotidase to yield the riboside. 
The migration on paper of the three compounds, AICA, AICA riboside, 
and AICAR, was compared with several purine compounds in three dif- 
ferent solvents. The results of these experiments are shown in Table II. 
The solvent system containing isobutyric acid-H,O-concentrated NH; was 
the most efficient system for separating the individual nucleotides (19). 


TABLE II 
Paper Chromatography of Purine and AICA Derivatives 
Rr 
Compound 
iSolvent 1* descending, Solvent 2¢ ascending ISolvent 3t descending 

0.54 0.35 0.51 

0.09 


* n-Butanol-50 per cent acetic acid (1:1). 
+ n-Propanol-0.2 N ammonium hydroxide (3:1). 
t Isobutyric acid-H,O-concentrated ammonium hydroxide (100:58:2). 


Ultraviolet Spectra of AICA and AICAR—The ultraviolet spectra of 
AICA and AICAR at pH 1.0 and 7.0 are shown in Fig. 2. At pH 7.0, 
AICA has a single, symmetrical absorption band with a peak at 267 mu, 
and an e of 12,700. At pH 1.0, a second smaller peak occurs at 240 my 
with an ¢ of 9050. The major peak is shifted to 266 my with an e of 11,200. 
An isosbestic point lies at 253 mu. 

AICAR at pH 7.0 has a single peak at 269 mu with an ¢ of 12,600. The 
absorption band does not show the same symmetry as that of AICA, and 
a slight shoulder appears in the curve below 250 mu. At pH 1.0, the peak 
lies at 268 to 269 mu with an e of 9400. The second peak shown by the 
free base at this pH does not appear with the ribotide, but a pronounced 
shoulder occurs extending from 245 to 255 my. The spectrum of the ribo- 
tide is quite similar to that of the riboside reported by Greenberg and 
Spilman (20). The molecular extinction coefficient of the chromophore 
produced by reaction of AICAR in the Bratton-Marshall test is 26,400 
when measured at a wave length of 540 my. This value approximates 
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closely the molecular extinction coefficient of the chromophore produced 
from the free base, AICA. 

Acid Stability of AICAR—The glycosidic bond of AICAR is considerably 
more stable to acid hydrolysis than that of the purine ribotides, but less 
so than the pyrimidine ribotides. In 0.2 N sulfuric acid at 100° there 
was less than 5 per cent hydrolysis after 90 minutes. The glycosidic bond 
was completely hydrolyzed after 15 minutes in 3 N sulfuric acid at 100°. 


AICA AICAR 
io} 
St 
pH70 
W 
4t 
oH 
240 260 280 300 240 260 280 300 


WAVE LENGTH (my) 

Fic. 2. The ultraviolet absorption spectra of AICA and AICAR. The molecular 
extinction coefficients, e, were calculated from the optical density measurements 
made on samples of AICAR at a concentration of 0.0338 umole per ml. in either 0.01 m 
phosphate buffer, pH 7.0, or 0.1 N HCl. The AICAR used for the determination was 
Sample III reported in Table I. Similar determinations and calculations were em- 
ployed with AICA, which was twice recrystallized as the picrate derivative and 
finally converted to the hydrochloride salt. 


However, under these conditions there is partial destruction of the free 
base liberated. 

Purification of Nucleotide Pyrophosphorylase—The enzyme, the purifica- 
tion of which is described below (Table III), may be assayed by the syn- 
thesis of either AICAR or AMP-5’ from their respective bases. In these 
studies, however, the AICAR pyrophosphorylase activity was routinely 
used to follow the purification of the enzyme. 

400 gm. of an acetone powder of beef liver were stirred with 4 liters of 
0.05 m Tris buffer, pH 7.4, at room temperature for 0.5 hour. After 
centrifugation® at 5400 X g, 3500 ml. of extract were obtained (Fraction 
I). 

3 Refrigerated centrifuge purchased from Wilhelm Stock Maschinenbau, Mar- 
burg-am-Lan, Germany. 


of 
ly 
ed 
le, 
if- 
I. 
as 
)). 
ng 
of 
), 
). 

( 


208 BIOSYNTHESIS OF PURINES. XVI 


To Fraction I were added 350 ml. of 1.0 m Tris buffer, pH 8.0, and then 


862 gm. of ammonium sulfate (0.38 saturation) were added slowly with | 


stirring. After centrifugation,’ the precipitate was discarded, and the 
supernatant solution was brought to 0.55 saturation by addition of 485 
gm. of ammonium sulfate. The resulting precipitate which was collected 
by centrifugation was dissolved in 600 ml. of cold water. It was then 
dialyzed against 20 liters of 0.005 m Tris buffer, pH 7.4, for 4 hours and 


finally against 20 liters of distilled water overnight. 
is Fraction II. 


The dialyzed solution 


TABLE III 
Purification of AMP-5' and (AICAR) Pyrophosphorylase 
Specific 
substrate adenine 
Fraction 
ifi ; Fold pur-| Specific | Specific | Specific 
| vieta [Fold pur! Specie | Specie | 
unils units unils 
per mg. per cent per mg. per mg. 
protein protein protein 
I. Acetone powder extract.....| 0.082 |100* 0.690 | 0.426 5.2 
II. Ist ammonium sulfate...... 0.171 71 2.1 | 0.145 | 0.992 5.8 
III. Ca3(PO4)2 gel supernatant..| 0.390 | 51 4.810 2.13 5.3 
IV. 2nd ammonium sulfate..... 1.38 28 17.0 7.60 5.5 
V. Alumina Cy eluates E-1....| 4.97 5.0 61.0 17.3 3.5 
E-2, 
E-4 (combined)...... 2.23 12.3 26.0 
VI. Ethanol fractionation. ..... 9.0 1.6 | 110.0 27.9 3.1 
VII. Alumina Cy supernatant. . .| 13.3 0.24 | 156.0 50.0 4.0 


* The total number of units in the acetone powder extract was 8770. 


An amount of calcium phosphate gel (21) with a dry weight equivalent 
to 1.5 times the dry weight of protein in Fraction II was centrifuged and 
the water discarded. Fraction II was diluted with water to a volume of 
4300 ml., and 43 ml. of 1.0 M potassium acetate buffer, pH 5.5, were added. 
This solution was added to the gel, stirred for 10 minutes, and then cen- 


trifuged.* The supernatant solution (4100 ml.) is Fraction ITI. 
The pH of Fraction III was adjusted to 5.5 with 5 mM acetic acid. 1045 
gm. of ammonium sulfate were added with stirring (0.55 saturation). The 


precipitated material was collected and dissolved in 100 ml. of cold water. 
This solution was first dialyzed for 4 hours against 4 liters of 0.005 m Tris 
This 


buffer, pH 7.4, and finally against 4 liters of water overnight. 
dialyzed solution is Fraction IV. 


‘ 

| 
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An amount of alumina Cy gel (22) with a dry weight equivalent to 1.5 
times the dry weight of protein in Fraction IV was centrifuged and the 
water discarded. Fraction IV was adjusted to a protein concentration of 
10 mg. per ml. with water and stirred for 10 minutes with the packed gel. 
After centrifugation, the gel was successively eluted by stirring for 15 
minutes with 120 ml. portions of potassium phosphate buffer, pH 7.4, of 
the following molarities: eluate E-1, 0.02 m; E-2, 0.02 m; E-3, 0.025 m; 
E-4, 0.03 m. Eluate E-1 (Fraction V), which had the highest specific 
activity, was further fractionated. 

1.2 ml. of 1.0 m Tris buffer, pH 8.0, were added to Fraction V, and 
fractionation of the enzyme between 55 and 70 per cent ethanol was carried 
out by addition of 90 per cent ethanol at —15°. The solution was allowed 
to stand overnight at —15° and then centrifuged, and the precipitate was 
extracted with 10 ml. of 0.005 m Tris buffer, pH 7.4. The extract was 
centrifuged and the supernatant solution retained (Fraction VI). 

To Fraction VI was added an amount of packed alumina Cy gel equal 
in weight to the amount of protein present. The suspension was stirred 
for 10 minutes and then centrifuged. The supernatant solution which is 
Fraction VII was retained. The enzyme, which was purified about 156- 
fold, lost only 10 per cent of its activity when stored at —15° for 3 months. 
The combined fractions (E-1 through E-4) in Fraction V were adequate 
for preparation of AICAR or AMP-5’ since they are devoid of phosphatases 
and pyrophosphatases. 

The activity of the enzyme for IMP pyrophosphorylase was lost in 
Fraction III, but the ratio of activity for adenine and AICA as substrates 
remained constant throughout the purification (Table ITI). 

Properties of Enzyme—The enzyme had a broad pH optimum between 
7.6 and 8.4. Magnesium ions at a concentration of 2 X 10-* m or higher 
were necessary for optimal enzyme activity. The enzyme was not inhibited 
by p-chloromercuribenzoate, cyanide, iodoacetate, cysteine, or cupric ions 
at a concentration of 1 X 10-* M, or by arsenate at 1 K 10-2? mM. Fluoride 
at a level of 5 XK 10°? M inhibited the enzyme activity 44 per cent. Hy- 
poxanthine, 6-mercaptopurine, guanine, and 5-formamido-4-imidazole- 
carboxamide could not serve as substrates for the enzyme. 5(4)-Amino- 
1H-1 ,2 ,3-triazole-4(5)-carboxamide at 1 X 10-* m did not act as an 
inhibitor of the reactions concerned with the conversion of either AICA 
or adenine to their respective ribotides, nor was it a substrate for the 
enzyme. 

Kinetics and Equilibrium of Reactions—The affinity of the enzyme for 
both adenine and PRPP in the formation of AMP-5’ was sufficiently great 
that decreases in the reaction rate were not detected at substrate con- 
centrations of 1 X 10-4 m, the lowest levels tested. In this respect the 
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enzyme is similar to the yeast enzyme purified by Kornberg et al. (3). With 
AICA and PRPP as substrates in the formation of AICAR, the dissocia- 
tion constants (A) for each substrate could be determined (Fig. 3). The 
K, for PRPP was calculated as 1.4 K 10-4 m, while that for AICA was 
3.1 X M. 

The equilibrium in the formation of AMP-5’ lies so far in the direction of 
nucleotide synthesis that a value of K could not be obtained with the pres- 


25] 


Fic. 3. Lineweaver-Burk plot (Waley form) of the reaction with varying amounts 
of AICA or PRPP. The open circles are for PRPP, and the closed circles for AICA. 
The open circles represent the experiment with varying PRPP concentrations where 
the system contained, in 1.0 ml., AICA, 5ywmoles, MgCl., 2 umoles, Tris buffer, pH 8.0, 
30 wmoles, and 20 units of enzyme (E-1). The closed circles represent the experiment 
with varying AICA concentrations, 1.0 umole of PRPP, and the other additions listed 
above. The vessels of both experiments were incubated for 10 minutes at 38° and 
the reaction mixture was assayed for AICAR formation by the column procedure. 


ent assay. This is quite similar to the case with the yeast enzyme (3). 
However, the equilibrium constant can be determined for the synthesis 
of AICAR from AICA and PRPP by calculations from data similar to 
those given in Fig. 4. The values for the equilibrium constant (all cal- 
culated for AICAR synthesis) were 7.7, 8.4, and 10.2 when measured in the 
forward direction and 14.5 and 7.8 when measured in the reverse direction. 
This gives an average value of 9.7. It is interesting to note that the value 
of the equilibrium constant for AICAR formation from AICA is inter- 
mediate between that for nucleotide formation from purines (3) and 
orotidylic acid synthesis from orotic acid (4). 

Pyrophosphorolysis of AMP-5' and AICAR—Although the equilibrium 
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for the AMP-5’ reaction lies far in the direction of synthesis, pyrophos- 
phorolysis of the nucleotide could be demonstrated. The ability of the 
enzyme to carry out the formation of AICAR from AICA and AMP-5’, in 
the absence of added PRPP, was tested and shown to be dependent upon 
the presence of inorganic pyrophosphate. A similar requirement for 


MICROMOLES OF AICAR 
Oo 


© 


MINUTES 

Fig. 4. Determination of the equilibrium for the enzymatic synthesis or pyro 
phosphorolysis of AICAR. The closed circles represent the reaction studied in the 
direction of AICAR synthesis. The system contained, in a final volume of 1.0 ml., 
AICA, 0.1 umole; PRPP, 0.25 wymole; MgCl:, 2.0 wmoies; inorganic pyrophosphate, 
1.0 umole; Tris buffer, pH 8.0, 100 umoles; and 15 units of enzyme (E-1). The open 
circles represent the reaction studied in the direction of AICAR pyrophosphorolysis. 
The system contained, in a final volume of 1.0 ml., AICAR, 0.2 umole; inorganic 
pyrophosphate, 2.0 umoles; MgCl2, 2.0 umoles; Tris buffer, pH 8.0, 100 umoles; and 
15 units of the enzyme (E-1). Both incubations were carried out at 38°, and measure- 
ment was made of AICAR synthesis or disappearance by the column procedure. 


inorganic pyrophosphate is shown in the cleavage of AICAR in the presence 
of adenine. The results are shown in Table IV. The extent of AICAR 
formation by AMP-5’ pyrophosphorolysis is small, while the pyrophos- 
phorolysis of AICAR proceeds almost to completion. Using an equilibrium 
constant of 9.7, one may calculate that in Vessel 2 (Table IV, Experiment 
2) a maximum of 0.036 umole of the total of 0.1 umole of AICAR would 
have undergone pyrophosphorolysis in the absence of adenine. In an 
experiment not reported in Table IV, this control vessel was included. It 
was found that 0.029 umole of AICAR underwent pyrophosphorolysis in 
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the presence of 1 umole of pyrophosphate and 0.092 umole in the presence 
of pyrophosphate and 3 yumoles of adenine. This again indicates that 
the equilibrium lies much farther in the direction of nucleotide synthesis 
with adenine than with AICA. There was no pyrophosphorolysis with 
IMP as substrate. 

The pyrophosphorolysis of the two nucleotides, AMP-5’ or AICAR, in 
the presence of the other free base, AICA or adenine, respectively, throws 
some light on the mechanism of the reaction. If one active center is 


TaBLE IV 
Pyrophosphorolysis of AMP-5' and AICAR 
Experiment No. System 
pmole 

1 AMP-5’ + AICA +0.001 
+ ‘* + 0.25 umole P-P +0.026 
+ + 1.0 +0.045 

IMP Pos 0 

+ + 1.0 ywmole P-P 0 
2 AICAR + adenine —(0.004 
| + + 0.25 umole P-P —0.092 
+ + 1.0 —(0).095 


The vessels in Experiment | each contained, in 1.0 ml., 10 wmoles of either AMP-5’ 
or IMP, 5.0 umoles of AICA, 2.0 ymoles of Mg**, 100 wmoles of Tris buffer, pH 8.0, 
5 units of enzyme (Al Cy fraction E-2), and P-P additions as indicated. Incubation 
was carried out for 20 minutes at 38° and the contents of vessels were assayed for 
AICAR formation by the column procedure. The vessels in Experiment 2 each con- 
tained, in 1.0 ml., 0.1 wmole of AICAR, 3.0 wmoles of adenine, 20 umoles of Mg**, 
100 wmoles of Tris buffer, pH 8.0, 5 units of enzyme (Al Cy fraction K-2), and P-P 
additions as indicated. Incubation was carried out for 20 minutes at 38° and the 
contents of vessels were assayed for AICAR disappearance by the column procedure. 


assumed for both AICA and adenine, then the requirement for inorganic 
pyrophosphate would tend to rule out an enzyme-ribosyl-5-phosphate 
intermediate in the reaction, since this intermediate would allow inter- 
conversion of the ribotide in the presence of the opposite free base without 
an involvement of inorganic pyrophosphate. 

Although purified approximately 150-fold over initial acetone powder 
extracts, the enzyme has not been resolved with respect to activities for 
adenine and AICA. Present evidence, therefore, favors the point of view 
that both reactions are catalyzed by the same enzyme, although further 
purification would be necessary to establish this conclusively. Since the 
reaction was first studied with adenine as substrate (3), adenylic acid 
pyrophosphorylase seems to be the more appropriate name of the enzyme. 
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SUMMARY 


An enzyme has been purified approximately 150-fold from beef liver 
acetone powders and shown to catalyze the following reactions: (a) 4(5)- 
amino-5(4)-imidazolecarboxamide (AICA) +  5-phosphoribosyl pyro- 
phosphate = 5-amino-4-imidazolecarboxamide ribotide (AICAR) + 
pyrophosphate; (b) adenine + 5-phosphoribosyl pyrophosphate = adeno- 
sine 5’-phosphate + pyrophosphate. The activities with both adenine and 
AICA as substrates could not be resolved throughout the purification. 
Both reactions require Mg** for optimal activity. The equilibrium 
constant for reaction (a) has been determined as 9.7, while that for reaction 
(b) lies too far in the direction of nucleotide synthesis to be directly deter- 
mined. The pyrophosphorolysis of both the nucleotides formed has been 
demonstrated. The isolation and purification of AICAR and some of 
its properties have been described. Likewise, a convenient modification 
of the enzymatic preparation of 5-phosphoribosyl pyrophosphate has been 
reported. 
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BIOSYNTHESIS OF THE PURINES 


XVII. FURTHER STUDIES OF THE INOSINIC ACID 
TRANSFORMYLASE SYSTEM* 


By JOEL G. FLAKS, LEONARD WARREN,} anp JOHN M. BUCHANAN 


(From the Division of Biochemistry, Department of Biology, Massachusetts 
Institute of Technology, Cambridge, Massachusetts) 


(Received for publication, January 14, 1957) 


A previous communication (4) has described an enzyme system, inosinic 
acid transformylase, which is present in soluble extracts of pigeon liver, and 
which catalyzes an exchange reaction between radioactive formate and 
the 2 position of inosinic acid.! 5-Amino-4-imidazolecarboxamide ribotide 
(AICAR) was postulated as an intermediate in this formate exchange 
reaction, and a stimulatory effect of N*-formyltetrahydrofolic acid (N°- 
formyl-THFA) was observed. 

Further study of this system has implicated the interconversion of 
glycine and serine as part of the sequence of reactions involved in the 
inosinic acid transformylase system. With glycine as a 1-carbon acceptor, 
the formation of AICAR from IMP has been noted (1). This reaction has 
been found to be reversible, the conversion of AICAR to IMP occurring 
in the presence of serine (2, 3). 


* Preliminary reports of this work have been published (1-3). The investigations 
have been supported by grants-in-aid from the National Cancer Institute, National 
Institutes of Health, Public Health Service, and the National Science Foundation. 

{t Fellow of the Dazian Foundation for Medical Research (1953-54) and the Life 
Insurance Medical Research Fund (1954-57). 

1The following abbreviations have been employed: ATP, adenosine 5’-triphos- 
phate; AICA, 5-amino-4-imidazolecarboxamide; AICAR, 5-amino-4-imidazolecar- 
boxamide ribotide; IMP, inosine 5’-phosphate or inosinic acid; DPNH, DPN, reduced 
and oxidized diphosphopyridine nucleotide, respectively; TPNH, TPN, reduced and 
oxidized triphosphopyridine nucleotide, respectively; Tris, tris(hydroxymethy]l)- 
aminomethane; THFA, 5,6,7,8-tetrahydrofolic acid; N®-formyl-THFA, N5-formyl- 
5,6,7,8-tetrahydrofolic acid (includes the naturally occurring citrovorum factor 
and the synthetic product, leucovorin); N5, N!°-an- 
hydroformy1-5,6,7,8-tetrahydrofolic acid (includes the various crystalline forms of 
the anhydroleucovorins, 7.e. isoleucovorin, anhydroleucovorin A, and anhydroleuco- 
vorin B (5)). The correct chemical names of the following compounds mentioned in 
this paper are 5-amino-4-imidazolecarboxamide ribotide, 5-amino-1-8-p-4-imidazole- 
carboxamide 5’-phosphate; 5-amino-4-imidazolecarboxamide riboside, 5-amino-1-- 
D-ribosyl-4-imidazolecarboxamide; glycinamide ribotide, 2-amino-N-ribosylaceta- 
mide 5’-phosphate. Since all of these compounds may be converted enzymatically 
to inosinic acid, a compound of known @ configuration, they are assumed to be of the 
8 form, although not definitely proved so. 
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(1) IMP + glycine + TPNH + H* + H.O = AICAR + L-serine + TPN* 


In this paper a detailed study of these reactions has been carried out with 
ethanol-precipitated fractions of pigeon and chicken liver as the enzyme 
sources, and the identification of the factors involved is reported. 


EXPERIMENTAL 


Preparation of Enzyme Fractions—At various times three different 
ethanol-precipitable fractions of a soluble pigeon liver extract have been 
employed. These fractions precipitated between 0 to 15, 15 to 30, and 
25 to 45 per cent ethanol and have been designated as pigeon liver Fractions 
I, II, and III, respectively. Similarly, two fractions of chicken liver, 
which precipitated between 15 to 30 and 30 to 45 per cent ethanol have 
been designated chicken liver Fractions I and II, respectively. The 
preparation of the pigeon liver extracts (6) and the ethanol fractions (7) 
have been previously reported. The temperature at which operations, 
including centrifugation for 10 minutes at 10,000 r.p.m., were carried out 
ranged from —7° for 15 per cent ethanol solutions to —18° for solutions 
containing 30 per cent ethanol and above. Special note should be made 
about the preparation of pigeon liver Fraction III. During the addition 
of ethanol from 0 to 25 per cent and during the subsequent centrifugation, 
the temperature was maintained at no lower than —7°. When the ethanol 
concentration of the supernatant solution was brought to 45 per cent, 
the temperature was lowered to —18°. 

The chicken liver ethanol fractions were generally prepared on a larger 
scale than the pigeon liver fractions. In this case 453 gm. of fresh chicken 
livers were suspended in 1.5 volumes of the buffer described previously, 
except for the omission of bicarbonate (6), and homogenized in a Waring 
blendor for 30 seconds. The homogenate was centrifuged for 10 minutes 
at 10,000 r.p.m. in the Servall SS-1 centrifuge at 2°. Ethanol fractionation 
was then carried out on the cloudy supernatant solution as described 
above. All of the ethanol-precipitated fractions were dissolved in a 
minimal volume of distilled water and lyophilized at 2°. The powders 
thus obtained were stable for many months if stored dry at — 15°. 

The lyophilized ethanol fractions were routinely dissolved in 0.1 m Tris 
buffer, pH 7.4, to a concentration of 10 to 20 mg. of protein per ml. Where 
indicated in the results, these solutions were treated with Dowex 1 chloride 
at 38° for 50 minutes, with Norit at 25° for 15 minutes, or with both. 
With either treatment, an amount of dry Dowex 1 chloride or Norit equal 
to the amount of protein present was added to the enzyme solution. The 
Dowex 1 chloride or Norit was removed by centrifugation before use of the 
enzyme preparation. 

Assay Procedures—The assay procedures are based upon the detection 
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of the arylamine, AICAR, by use of modifications of the diazotization and 
coupling reactions described by Bratton and Marshall (8). In assay 
Procedure I, the reaction was terminated after incubation by the addition 
of trichloroacetic acid as indicated. After removal of the denatured 
protein by centrifugation, an amount of acetic anhydride was added to 
make a 10 per cent solution. After 20 minutes, the non-acetylatable 
arylamine was then assayed by the procedure of Ravel, Eakin, and Shive 
(9), with the color determined in a Beckman DU spectrophotometer at 
540 mu. Assay Procedure II is a micromodification of the arylamine 
assay. The reaction was terminated after the incubation by the addition 
of 0.1 ml. of 30 per cent trichloroacetic acid. 0.4 ml. of the supernatant 
solution obtained by centrifugation was removed and added to 0.05 ml. of 
acetic anhydride at room temperature. After 20 minutes, 0.1 ml. of 0.8 N 
sulfurie acid and 0.05 ml. of 0.1 per cent sodium nitrite were added. 0.05 
ml. of 0.5 per cent ammonium sulfamate and 0.05 ml. of 0.1 per cent N!- 
naphthylethylenediamine dihydrochloride were added successively after 5 
and 3 minutes, respectively. The color was determined after 30 minutes 
in the Beckman DU spectrophotometer at 540 my with microcuvettes 
and a microadapter.? 

Pentose was determined by the method of Mejbaum (10), with the 
modification for AICAR as noted in Paper XVI (11). Phosphate was 
determined by the method of Fiske and Subbarow (12) as modified by 
Gomori (13). Radioactivity was determined by directly plating aliquots 
of samples on thin copper planchets and drying with an infrared lamp. 
The planchets were counted with an end window Geiger-Miiller counter 
with an efficiency of 7 per cent. 

Materials—IMP was prepared as the barium salt from adenosine 5’- 
phosphate (Schwarz Laboratories, Inc.) by enzymatic deamination (14) 
according to a procedure previously described (15). The barium salt 
was converted to the sodium salt with sodium sulfate before use. IMP- 
2-C™ was similarly prepared from adenosine 5’-phosphate-2-C™ and was 
chromatographed on a Dowex 1 chloride column before isolation as the 
barium salt. The adenosine 5’-phosphate-2-C' was isolated from the 
enzymatic reaction of adenine-2-C' and 5-phosphoribosyl pyrophosphate 
as described in Paper XVI (11). AICAR was similarly prepared. ATP, 
DPN, and TPN were products of the Pabst Laboratories. DPNH, 
ethanol dehydrogenase, and glucose-6-phosphate dehydrogenase were from 
the Sigma Chemical Company. Glucose 6-phosphate was obtained as 
the barium salt from the Schwarz Laboratories, Inc., and converted to 
the sodium salt before use. Folic acid, synthetic N*-formyl-THFA 
(leucovorin), and the several forms of synthetic N°, N'°-anhydroformyl- 


2 The Pyrocell Manufacturing Company, New York, New York. 
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THEA (isoleucovorin and the anhydroleucovorins A and B) were generous 
gifts of Dr. H. P. Broquist and Dr. T. H. Jukes of Lederle Laboratories, 
and Dr. D. B. Cosulich of the Caleo Chemical Division, American Cyana- 
mid Company. 


Results 


Earlier experiments from this laboratory (1) concerned with the inosinic 
transformylase system demonstrated that, with a crude enzyme fraction of 
pigeon liver, inosinic acid was converted to an arylamine in the presence of 
glycine which presumably acted as a l-carbon acceptor in the synthesis of 
serine. The extent of the reaction was directly proportional to the con- 
centrations of both the substrates, IMP and glycine. The demonstration 
that at least a part of the arylamine compounds was AICAR was made by 
isolation of the material on a Dowex 1 chloride column and by its identifi- . 
cation upon analysis for arylamine, pentose, and organic phosphate. This 
chromatographic isolation is reported in detail below. 

The addition of N*-formyl-THFA to this system resulted in a stimulation 
of this reaction. Iurthermore, it was reported that the extent of the 
reaction was further doubled by the inclusion of boiled extract of pigeon 
liver. It was found that a part of this enhancement of activity could be 
obtained by substituting ashed boiled extract or cupric ions for the boiled 
extract. The effects of N°-formyl-THFA and boiled extract, as well as 
those of the cupric ions, were compared with suitable controls with the 
omission of substrates concerned. 

Subsequently, when the reaction was run with diluted enzyme or with a 
purified enzyme system, it was found that the stimulatory effects of cupric 
ions could not be observed when the system was incubated in the presence 
of N*-formyl-THIA. Although the effects observed by the addition of 
N*-formyl-THIFA were real when tested in the crude system, the effect of 
the boiled extract is not due to its content of cupric ions alone, but rather 
to a number of cofactors, among them ATP. It has now been shown by 
Greenberg (16) and confirmed by us that V*-formyl-THFA is enzymatically 
activated by ATP to the folic acid compound actually involved in trans- 
formylation reactions. Our pigeon liver Fraction I contained this enzyme. 
The effect of cupric ions observed in the crude but not in the purified system 
in our laboratory may be explained by work from the Lederle group,’ 
who have shown that cupric ions are specifically involved in an enzymatic 
system which is responsible for the breakdown of N*-formyl-THFA to an 
acetylatable arylamine. We have also observed the production of this 
type of amine under certain circumstances and have, consequently, for 
some time included an acetylation step routinely in our analyses of AICAR, 


3 Lederle group, W. F. Barg, Jr., Kk. Boggiano, N. H. Sloane, and EF. C. De Renzo. 
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which is, under the conditions of this reaction, non-acetylatable. All of 
the analyses of experiments herein reported have been made with this 
modified acetylation procedure when folic acid compounds were added to 
the incubation media. The values, therefore, accurately express the 
quantity of AICAR formed or metabolized. | 

Fig. 1 demonstrates some of these early findings. As will be noted, 
AICAR was formed from IMP in the presence of a suboptimal concentra- 
tion of glycine. After a period of 10 minutes, the production of arylamine 
began to taper off. At this time, aliquots of 1 ml. of the incubation sys- 
tem were withdrawn and reincubated, respectively, with formate, N- 
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Fig. 1. Effect of various compounds on AICAR formation and disappearance. 
Each vessel initially contained, per volume of 1 ml., 10 zmoles of IMP, 10 uwmoles of 
glycine, 50 umoles of Tris buffer, pH 7.4, and 20 mg. of pigeon liver Fraction I. After 
incubation at 38° for 10 minutes, 1 ml. aliquots of the above incubation mixture were 
reincubated at 38° with the indicated additions and for the indicated length of time. 
The reactions were terminated by addition of 0.5 ml. of 30 per cent trichloroacetic 
acid, and the arylamine present was assayed by Procedure I without acetylation. 


formylglycine, serine, or additional amounts of glycine. When no further 
addition was made or when formate or N-formylglycine was added to the 
vessels, no significant change in the concentration of AICAR occurred 
with further incubation. However, upon addition of glycine there was a 
considerable increase in the formation of AICAR, whereas with serine 
there was rapid and complete disappearance of the arylamine. These 
preliminary experiments demonstrated the glycine-serine interconversion, 
but definite isolation of serine as a product of this reaction depended upon 
the clarification of the various factors involved in this reaction. The 
isolation of serine as a product of the reaction is described below. 

Isolation and Identification of Arylamine As AICAR—A large scale incu- 
bation was carried out for the isolation of the arylamine. The incubation 
mixture contained, in a total volume of 15 ml., 200 umoles of IMP, 3000 
umoles of glycine, 10 ml. of 0.1 m Tris buffer, pH 7.4, and 375 mg. of pigeon 
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liver Fraction I. The vessel was incubated for 25 minutes at 38° and the 
reaction stopped by the addition of 1.0 ml. of 70 per cent perchloric acid. 
The denatured protein was removed by centrifugation. The supernatant 
solution, which contained 3.9 umoles of arylamine, was brought to pH 4.5 
with KOH and the precipitated potassium perchlorate removed by cen- 
trifugation. The solution was stirred for 15 minutes with 1 gm. of Norit, 
and the mixture was filtered on a sintered glass funnel. The Norit cake 
was washed thoroughly with water and extracted twice with 10 ml. por- 
tions of an ethanol-1 N ammonium hydroxide mixture (50:50). The com- 
bined eluates contained 3.4 umoles of arylamine and were placed on a 
Dowex 1 chloride column (7 cm. X 0.9 cm., 200 to 400 mesh), and elution 


INOSINE 
+ 
HYPOXANTHINE 


E 267 


i00 200 300 400 500 600 
mi. O,OOSN HCL 
Fig. 2. Isolation of AICAR on a Dowex 1 chloride column. For conditions of 
the incubation, see the text. 


was started with 0.003 n HCl. The elution pattern is shown in Fig. 2. 
The third peak eluted contained the arylamine with a total recovery of 3.0 
umoles. The solution containing the arylamine was neutralized and con- 
centrated to a small volume by lyophilization. By analysis, the following 
ratios were obtained: arylamine, 1.00; pentose, 0.87;4 organic phosphate, 
0.98; inorganic phosphate, 0.07; ultraviolet absorption, 0.98.5 The com- 
pound exhibited all of the properties of the ribotide synthesized enzymati- 
cally from AICA and 5-phosphoribosyl pyrophosphate, as described in 
Paper XVI (11). 

A sample of radioactive AICAR prepared from IMP-8-C"™ with the 


‘The analysis for pentose recorded here was not performed with the modification 
noted for prehydrolysis of AICAR. A subsequent sample analyzed with the pre- 
hydrolysis modification showed an arylamine-pentose ratio of 1.0:0.96. 

5 The molecular extinction coefficient was taken as equal to that of the free base, 
12,700 at pH 7.1 (11). 
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inosinic acid transformylase system was mixed and cochromatographed 
with a larger sample of non-radioactive, authentic AICAR (11) on a Dowex 
1 chloride column and on paper with two solvent systems (isobutyric acid- 
ammonia and butanol-acetic acid). There was a coincidence of arylamine 
and radioactivity. 

Identification of Cofactors Concerned with Reactions; M alate and TPN— 
As will be shown, several factors are present in yeast or liver extract which 
are necessary for the formation of arylamine from IMP. By variation 
of experimental conditions, it has been possible to devise assay procedures 
for each of these factors. 

When the reaction was carried out with a 25 to 45 ethanol fraction of 
pigeon liver, dialyzed but not treated with Dowex 1 chloride or Norit, a 


TABLE 
Chromatographic Identification of t-Malic and Fumaric Acids 


Reference substance | Active substance in 
(Rp) boiled extract (Rp) 
Solvent system 


L-Malate , Fumarate Factor 1 | Factor 2 
n-Butanol-N H,OH (95:5)... 0.10 0.07 
Ethanol-H,O-N H,OH (70:30:5). 0.40 0.53 0.41 0.53 
n-Butanol-acetic 0.13 0.12 
0.21 0.21 


Ascending chromatography was carried out on Whatman No. 1 paper at room 
temperature for approximately 18 hours. The factors had been purified approxi- 
mately 75-fold from yeast extract. 


factor of boiled yeast extract was required. This factor was purified 75- 
fold by procedures involving elution from a Dowex 1 chloride column, 
treatment with Norit, and extraction into ethyl acetate from an acid- 
aqueous solution. The product of this procedure was then chromato- 
graphed on paper. It was found that active material was present in two 
areas of the chromatograms (Table I). 

A study of the properties of these compounds indicated that they might 
be organic acids. It was then found that the active principle in boiled 
extract could be replaced by t-malic acid, which proved to be identical 
with the compound of one of the unknown spots. The material comprising 
the second unknown spot on the paper absorbed ultraviolet light and 
proved to be identical with fumaric acid (Table I). Upon further investi- 
gation, it was determined that isocitrate, citrate, and cis-aconitate were 
also active in the system, whereas a-ketoglutarate, succinate, lactate, 
ethanol, and glutamate were ineffective (Table 11). The association of 
the active compounds with TPN-linked enzymatic systems suggested 
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that the reduced form of TPN was probably involved in a specific manner 
in the reaction concerned with the conversion of glycine to serine. 

At this point, a parallel study was made of arylamine production from 
IMP in two combined chicken liver fractions (chicken liver Fraction I 
plus chicken liver Fraction II) and in the pigeon liver Fraction III. Both 
enzyme preparations were dialyzed against 0.1 m Tris buffer, pH 7.4, for 
6 hours and treated with Dowex 1 chloride and Norit as described under 
‘““Experimental.”” Once again, only in the presence of boiled liver or yeast 
extract could a reaction be obtained. This further treatment with Dowex 


TaBLE II 
Substances Capable of Substituting for Factor in Boiled Yeast Extract 
Substances added Concentration Arylamine formed 
M mumoles 
2X 1073 7.0 


The basic system contained, in a final volume of 0.5 ml., IMP 2.5 umoles; glycine 
12.5 umoles; TPN 0.005 umole; Tris buffer, pH 7.4, 10 umoles; and 1.5 mg. of pigeon 
liver Fraction III, dialyzed but not further treated. Other additions were made 
as noted in Table II. The incubation was carried out for 25 minutes at 37°. The 
assay for arylamine was carried out by Procedure II with acetylation. 


1 chloride and Norit effectively removed pyridine nucleotides as well as 
pteridine compounds from the enzymes. 

Enzymatic activity could be restored in these experiments by adding a 
folic acid derivative, malate, TPN, and manganous ions. As shown in 
Table III, the omission of TPN from the enzymatic system resulted in a 
complete loss of activity. Malic acid could be replaced by the glucose-6- 
phosphate dehydrogenase system. These facts indicate clearly that these 
substrates act as a reducing source for TPN. The inability of DPN, 
DPNH, or DPNH-generating systems to replace TPNH or TPNH-gener- 
ating systems further demonstrates that the reduction step in Equation 1 
is a TPN-specific enzyme system in both chicken and pigeon liver. 

The stimulatory effect of manganous ions could be clearly observed when 
malate or glucose 6-phosphate were used as reductants in the regeneration 
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of TPNH from TPN. However, when TPNH itself was added alone in 
substrate quantities, consistent stimulation of the enzymatic system by 
manganous ions could not be demonstrated. Definite conclusions con- 
cerning the involvement of manganous ions in Equation 1 itself will de- 
pend upon further studies with purified enzyme systems. _ 

Effect of Potassium Tons—In later experiments another essential factor 
in boiled extract, in addition to those mentioned above, was demonstrated. 
This new factor survived ashing and has now been identified as potassium 
ion. Although the requirement for potassium ions had not been noted 


TaBLe III 
Specificity of Enzymatic System for TPN 
System AICAR formed 
mpumoles 
‘¢ + alcohol dehydrogenase + ethanol + DPN......... 0.3 
‘¢ + glucose 6-phosphate + glucose-6-phosphate dehy- 


The complete system contained, in a final volume of 0.5 ml., glycine 12.5 umoles; 
IMP 2.5 umoles; leucovorin 0.05 umole; ATP 1 umole; Tris buffer, pH 7.4, 30 umoles; 
chicken liver Fraction I 1 mg.; chicken liver Fraction II 0.25 mg., and, where added, 
pL-malate 0.9 umole; glucose 6-phosphate 2.5 wmoles; TPN or DPN 0.01 umole; 
DPNH 0.005, 0.05, or 1 umole; ethanol 30 uwmoles; aleohol dehydrogenase 50 y; glu- 
cose-6-phosphate dehydrogenase 12.5 y. The vessels were incubated at 37° for 30 
minutes, and the reaction was terminated by the addition of 0.1 ml. of 30 per cent 
trichloroacetic acid. Arylamine was determined by Procedure II with acetylation. 


in previous experiments, no particular attention had been paid to the 
nature of the monovalent cations of the alkali used in neutralizing acids 
in these earlier experiments. 

The role of potassium ions in the IMP-glycine system has been further 
verified by recent experiments in which it has been shown that potassium 
ions are specifically required for the activity of one of the enzymes of this 
system. These results will be discussed in a future paper in which the 
separation and activity of the various individual enzymes of this system 
will be presented. 

Requirement for Folic Acid Compounds for AICAR Formation—The 
establishment of the requirements of the system for a derivative of folic 
acid could be suitably demonstrated only after treatment of the enzyme 
preparations with Dowex 1 chloride and Norit. Under these conditions, 
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N*-formyl-THFA was inactive unless the incubation system was supple- 
mented with ATP (Table IV). Activity was shown, however, without 
the addition of ATP in the case of folic acid, the three N*®,N?!°-anhydro- 
formyl-THIFA derivatives, and N'-formylfolic acid. Presumably both 
folic acid and N"°-formylfolic acid were first reduced to tetrahydro deriva- 
tives. Pretreatment of N*-formyl-THIA with acid rendered it active in 


TaBLE IV 
Requirement for Folic Acid Compounds for AICAR Formation 


Vessel No. | Additions to system | AICAR formed 
| mpmoles 
1 None 5.9 
2* N*-Formyl-THFA 5.5 
3 ATP 0 
4* N*-Formyl-THFA + ATP 14.5 
5* Acidified N5-formyl-THFA 23.4 
6 Folic acid 13.5 
7Tt Anhydroleucovorin A | 17.0 
St ne B 16.2 
QT TIsoleucovorin chloride 17.1 
10 N'°-Formylfolie acid 10.7 


The basic system contained, in a final volume of 0.5 ml., IMP 2.5 umoles; glycine 
12.5 pmoles; L-malate 0.12 umole; TPN 0.005 wmole; MnCl, 0.005 umole; Tris buffer, 
pH 7.4, 10 wmoles; KCl 5 umoles; 1.5 mg. of pigeon liver Fraction III treated with 
Dowex 1 chloride and Norit and then dialyzed. Where noted above, the vessels 
contained anhydroleucovorin A or N!°-formylfolic acid 0.005 umole; folic acid and 
anhydroleucovorin B 0.010 umole; isoleucovorin chloride 0.001 umole; leucovorin 
0.005 nymole; ATP 1 wmole. The vessels were incubated for 25 minutes at 37° and 
assayed for AICAR formation by assay Procedure II with acetylation. 

* The N5-formyl-THFA was the synthetic product, leucovorin. In Vessel 5 
leucovorin was treated in 0.1 N HCl for 20 minutes at room temperature and then 
neutralized with KOH. : 

t Anhydroleucovorin A, anhydroleucovorin B, and isoleucovorin chloride are 
three forms of N5,N?!°-anhydroformyl-THFA which precipitate under different ex- 
perimental conditions (5). 


the system without the addition of ATP by its conversion to N*,N?°-an- 
hydroformyl-THFA (5). In the cases in which stimulatory activity was 
noted, the folic acid compounds could exert their effect on the system at 
catalytic levels. 
Stoichiometric Formation of Serine and AICAR—The results of experi- 
ments demonstrating the formation of serine from glycine and IMP-2-C™ 
are shown in Table V. These experiments were made in collaboration 
with Dr. A. M. Delluva. For optimal synthesis of serine, a requirement 
exists for all of the components of the reductive system, in addition to 
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TABLE V 
Formation of Serine from IMP and Glycine 


Vessel No. System AICAR formed | Serine formed 

umole umole 

1 Complete 0.109 0.093 

2 os — TPN 0.038 0.020 

3 ” — glucose 6-phosphate 0.009 0.001 

4 dehydrogenase 0.069 0.049 

5 — N*5,N?°-anhydroformyl-THFA 0.001 0 

6 - — chicken liver Fraction I 0 0 


The complete system contained, in a final volume of 0.5 ml., IMP-2-C!4 1.5 umoles; 
glycine 100 uwmoles; glucose 6-phosphate 3.0 umoles; glucose-6-phosphate dehydro- 
genase 50 7; N®°,N!°-anhydroformyl-THFA (isoleucovorin) 0.025 umole; TPN 0.01 
umole; MnCl, 0.1 umole; Tris buffer, pH 7.4, 40 uzmoles; KCI 10 wzmoles; chicken liver 
Fraction I, 2.0 mg., dialyzed 5 hours against 0.01 mM Tris buffer, pH 7.4. The enzyme 
was treated with Dowex 1 chloride. Duplicate vessels were incubated for 30 min- 
utes at 38°, and the reaction terminated with the addition of 0.4 ml. of 10 per cent 
trichloroacetic acid. The contents of one set of vessels were assayed for arylamine 
formation with acetylation. The contents of the second set of vessels were carried 
through the isolation procedure for serine. 


TABLE VI 
Synthesis of IMP from Serine and AICAR 
AICAR dis- IMP 
Vessel No. System seeaunian formation 
umole umole 
1 Complete 0.069 0.062 
2 - — L-serine 0.002 0 
3 “ — TPN 0.002 0.003 
4 — N5,N'°-anhydroformyl-THFA 0.024 0.019 
5 ” — (0.30-0.45 ammonium sulfate fraction 0.001 0 
6 — 0.50-0.65 0.006 0.003 
7 sig — TPN + DPN 0.008 


The complete system contained, in a final volume of 0.5 ml., AICAR 0.1 umole; 
L-serine 10 umoles; TPN 0.1 N*,N!°-anhydroformyl-THFA (anhydroleuco- 
vorin A) 0.01 umole; Tris buffer, pH 7.4, 25 umoles; KC] 20 umoles; 0.30 to 0.45 am- 
monium sulfate fraction 0.5 mg.; 0.50 to 0.65 ammonium sulfate fraction 0.75 mg. 
The enzyme fractions were not treated with either Dowex 1 chloride or Norit. In 
Vessel 7, 0.1 umole of DPN was added. The vessels were incubated in duplicate for 
30 minutes at 38°. The reaction was terminated in one set of vessels by the addition 
of 0.4 ml. of 10 per cent trichloroacetic acid. These vessels were assayed for aryl- 
amine disappearance with acetylation. The reaction was terminated in the second 
set of vessels by the addition of 0.2 ml. of 10 per cent perchloric acid. Aliquots of 
these vessels were kept at 100° for 30 minutes, neutralized, and assayed for hypo- 
xanthine spectrophotometrically. 
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N*,N’°-anhydroformyl-THFA. There is also a close parallelism in the 
amounts of AICAR and radioactive serine formed, the latter accumulating 
to an extent about 10 per cent less than that of the former. This difference 
may be, in part, due to a metabolic dilution of the isotope by the added 
formyl-THIA cofactor, which would also be a precursor of the B-carbon of 
serine. <A degradation of the serine of Vessel 1, Table V, showed that all 
of the isotope was present in the 8-carbon atom of the serine formed. 

Further Fractionation of Chicken Liver Fraction I with Ammonium Sul- 
fate—During the course of these studies, chicken liver Fraction I was 
further fractionated with ammonium sulfate into two fractions, both of 
which were required for the reaction shown in Equation 1. Table VI shows 
the requirement for both of the ammonium sulfate fractions when the re- 
action is studied in the direction of IMP synthesis. In these experiments 
the disappearance of AICAR closely approximated the synthesis of IMP. 
This system again showed a dependence upon L-serine, TPN, and N°, N?°- 
anhydroformyl-THFA. With these partially purified enzyme fractions, 
folic acid could not replace N*,N?!°-anhydroformyl-THIFA. Nor could 
DPN replace TPN. 5-Amino-4-imidazolecarboxamide riboside,! prepared 
by enzymatic dephosphorylation of AICAR with snake venom (17), as 
well as the free base (AICA), was inactive in the inosinic acid transformyl]- 
ase system. 

DISCUSSION 


The present study of the enzyme system, inosinic acid transformylase, 
deals with a characterization of the various substrate and cofactor require- 
ments as a prelude to further enzyme fractionation to be described in 
subsequent communications. Studies from a number of laboratories with 
both cell-free systems and resting bacterial cell suspensions have linked 
folic acid and pyridoxal compounds to the transfer of formyl and hydroxy- 
methyl groups in the enzymatic interconversion of serine and glycine and 
in the synthesis of purines. Lascelles and Woods (18, 19) have shown a 
requirement for formate, a folic acid derivative, pyridoxal, and glucose in 
the synthesis of serine from glycine with resting cell suspensions of Strep- 
tococcus faecalis R. Similarly, studies by Blakley (20, 21), by Kisliuk 
and Sakami (22), and by Alexander and Greenberg (23, 24) with enzyme 
preparations from a number of mammalian and avian livers have impli- 
cated both THFA and pyridoxal phosphate as cofactor requirements in the 
reversible synthesis of serine from formaldehyde and glycine. The recent 
demonstration of an active compound formed non-enzymatically from 
formaldehyde and THFA would suggest a hydroxymethyl] derivative of 
THFA (or one closely related to it) as the active cofactor in the formation 
of serine (25). 
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Although much of the work on serine formation has been concerned with 
formaldehyde as the single carbon source, formate may also be utilized as a 
precursor of the 8-carbon of serine, provided that some reducing system is 
supplied (20, 22). Suggestions have been made concerning the identity of 
this reducing system. However, reports from this laboratory (3) and 
from that of Jaenicke (26) have now established the reductive source as 
TPNH. In the enzyme systems used in this work, malate, isocitrate, and 
glucose 6-phosphate may serve as the substrates for TPN reduction. Of 
necessity this implies reduction of a formyl] derivative of a folic acid com- 
pound and not free formate, since the known formaldehyde dehydrogenase 
of liver is a DPN-specific enzyme (27). 

Derivatives of folic acid at the formyl] level of oxidation have been impli- 
cated in purine biosynthesis, and the results reported herein are in com- 
plete agreement with the findings of Greenberg e¢ al. (28) and Jaenicke (29) 
that N®,N?!°-anhydroformyl-THFA and N'°-formyl-THFA are active co- 
factors in these transformylation reactions. However, a definite preference 
for one of these compounds has not been demonstrated. Presumably 
folic acid and N*-formyl-THFA are utilized in the reaction only after con- 
version to THEA or to an active formylated derivative. 

The role of glutamine in the inosinic acid transformylase system re- 
ported by the Lederle group (30) has been further explained by a collabora- 
tion between their laboratory and our own. It now seems most probable 
that glutamine stimulates the conversion of IMP to AICAR by virtue of 
its ability to participate in the synthesis of another formyl acceptor, 
glycinamide ribotide,! and is not concerned with the transformylation 
reaction itself. The formation of glycinamide ribotide has been shown to 
require the presence of glutamine, glycine, 5-phosphoribosyl pyrophos- 
phate, and ATP (31). Glycinamide ribotide has been reported to be a 
very effective formyl acceptor (3). With our partially purified enzyme 
fractions, no response to additions of glutamine has been obtained. This 
is most probably due to the removal during purification of the enzyme 
responsible for the synthesis of 5-phosphoribosyl pyrophosphate which is 
required for glycinamide ribotide formation. 

Further publications will be concerned with a description of the indi- 
vidual enzymes of the inosinic acid transformylase system as well as with 
the enzymatic reactions concerned with the formylation of glycinamide 
ribotide. 


The authors wish to acknowledge the collaboration of Dr. Jules A. 
Gladner in earlier experiments concerned with this problem. These ex- 
periments have been previously reported in detail (2). 
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SUMMARY 


The enzyme system, inosinic acid transformylase of pigeon or chicken 
liver, has been shown to contain enzymes responsible for the reversible 
reaction: 


IMP + TPNH + H?* + glycine + HO = AICAR + TPN? + serine 


In addition to oxidized triphosphopyridine nucleotide (TPN) the system 
requires potassium ions and a folic acid compound, either N*,N'°-anhy- 
droformyltetrahydrofolic acid or N'°-formyltetrahydrofolic acid. N*-For- 
myltetrahydrofolic acid is active as a cofactor of the system only after 
enzymatic activation with adenosine 5’-triphosphate. With the enzyme 
preparations used, malate, isocitrate, or glucose 6-phosphate could be 
used as substrates for the reduction of TPN when the reaction was studied 
in the direction indicated. The above reaction is specific for TPN. 

Copper ions and glutamine have no direct connection with the reaction 
studied. Previously reported effects of these compounds have been dis- 
cussed. 
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TITRATABLE SULFHYDRYL GROUPS OF NORMAL AND 
SICKLE CELL HEMOGLOBINS AT 0° AND 38° 


By MAKIO MURAYAMA* 


(From the Gates and Crellin Laboratories of Chemistry,t California Institute of 
Technology, Pasadena, California) 


(Received for publication, February 19, 1957) 


The reported number of amperometrically titratable ——SH groups in 
normal human hemoglobin in the literature varies from two to eight per 
molecule. Ingbar and Kass (8) titrated human hemolysates amperometri- 
cally with silver nitrate in ammoniacal 0.85 per cent NaCl and reported 
two —-SH groups per molecule of normal human hemolysate and three —SH 
groups per molecule of sickle cell hemolysate. Ingram (9) reported four 
—SH groups per molecule of human oxyhemoglobin; after denaturation with 
dodecyl sodium sulfate, he found eight —SH groups per molecule (argento- 
metrically), with silver nitrate as the titrating agent. Benesch, Lardy, 
and Benesch (1), using their amperometric titration method, found eight 
—SH groups per molecule of human oxyhemoglobin. 

Various observations reported in the literature, in which methods other 
than amperometric were used, have been reviewed by Ingram (9), who 
made a comprehensive study of the —SH groups of hemoglobins from man, 
horse, ox, and sheep. 

The present study, which has already been published in an abstract 
(14), has been extended to argentometrically and mercurimetrically titra- 
table —SH groups of dialyzed hemoglobins. It was found that the maximal 
number of titratable —SH groups is the same for normal and sickle cell 
hemoglobins; however, their spatial arrangement appears to be different. 
Some of the factors responsible for variable results in amperometric 
titrations will be discussed. 

It is observed in our laboratory that a deoxygenated sickle cell hemoly- 
sate has a negative temperature coefficient of gelation, 7.e. a deoxygenated 
sickle cell hemoglobin solution of sufficient concentration gels at 38° (5), 
but the gel liquefied upon being cooled to 0°. The reaction is reversible. 
This observation suggested that some alteration in the molecular archi- 
tecture of hemoglobin occurs during the process of deaggregation; 7.e., 
the complementary combining sites on adjacent hemoglobin molecules 
must be altered at 0°. The object of the present investigation was to 
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learn whether there would be a change in the number of titratable —SH 
groups between the ice point and body temperature. 

A sickle cell hemolysate which gels at 38° loses its gelling property 
when dialyzed against distilled water (20). Oxygenation also prevents gel 
formation of sickle cell hemolysate (16, 17, 22). The relative accessibility 
of —SH groups at 0° and 38° was investigated for the following prepara- 
tions: (a) normal and sickle cell deoxygenated hemolysates; (b) normal and 
sickle cell oxgenated hemolysates; (c) normal and sickle cell hemoglobins, 
crystallized and then dialyzed against distilled water and deoxygenated; 
(d) normal and sickle cell hemoglobin solutions, crystallized and then 
dialyzed against deionized water and oxygenated. 


Material and Methods 


The hemolysates were prepared by the method of Drabkin (3). The 
red blood cells were washed three times with 0.85 per cent NaCl. An 
equal volume of distilled water was added to packed red cells plus 0.4 per 
cent by volume of toluene (3) to lyse the cells, and the mixture was allowed 
to stand for about an hour in the refrigerator. The cell debris was removed 
by centrifugation for 20 minutes at 26,000 X g in a Spinco model L pre- 
parative ultracentrifuge. The normal and sickle cell hemoglobins were 
crystallized by the method of Drabkin (4) in 2.8 m phosphate buffer, 
pH 6.8. The crystals were dissolved in distilled water and then dialyzed 
overnight against a large volume of water. 

The hemoglobin concentration was determined spectrophotometrically. 
After an aliquot was saturated with carbon monoxide, its optical density 
was determined in a 1 em. Corex Beckman cell at 540 my in the Beckman 
model B spectrophotometer. A molecular extinction coefficient of 14.7 X 
10° at 540 my and a molecular weight of 16,700 per heme were adopted for 
the calculations (13). The hemoglobin concentration in gm. per liter is 
1.14 X optical density X dilution factor. 

The apparatus and technique used for argentometric-amperometric 
titrations are essentially the same as those described by Kolthoff and 
Harris (11), as modified by Ingbar and Kass (8) and also by Ingram (9). 
The titrations were performed in 29 ml. of 0.85 per cent NaCl solution in 
a 50 ml. Pyrex beaker. The temperature of the solution was controlled 
in a thermostat cell similar to one described by Neilands and Cannon (15), 
with a 50 ml. Pyrex beaker acting as a “lining.” Pure nitrogen was 
bubbled through the solution to remove oxygen.!' A more recent argento- 


1 To minimize the loss of ammonia, the supporting electrolyte was added towards 
the end of the purging. Nitrogen was washed through a solution of the same com- 
position as that used in the beaker hereafter, and then, finally, hemoglobin solution 
was introduced from a self-adjusting micropipette to supply approximately 1 umole 
of thiol. This procedure minimized protein denaturation. 
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metric-amperometric method of Benesch, Lardy, and Benesch (1) was 
also used. 

The mercurimetric-amperometric titration method was that of Kolthoff, 
Stricks, and Morren (12); phosphate buffer (pH 7.3) in the presence of 
0.56 m KCl was used. The titrating agents were added from a syringe 
microburette.? 

The spectrophotometric method of Boyer (2) was utilized to study the 
p-chloromercuribenzoate (PCMB) binding of oxyhemoglobins. Various 
amounts of PCMB were added to a constant amount of hemoglobin; 
1 ml. of about 0.9 per cent hemoglobin solution was pipetted into each of 
ten 10.0 ml. volumetric flasks. Multiples of 20 ul. of 5 X 10-*>m PCMB 
(20 ul. to the first flask, 40 to the second, etc.) were then added, and the 
solutions were made up to the final volume with 0.133 m phosphate buffer, 
pH 6.8. The flasks were allowed to stand in a water bath for 90 minutes 
before the optical density at 2500 A, which increases as a result of PCMB 
binding to —SH groups, was determined. This increment was plotted 
against the moles of PCMB per mole of hemoglobin (9). 


Results 


The results are presented in two parts: (1) the titratable —SH groups 
of normal and sickle cell deoxygenated and oxygenated hemolysates at 0° 
and 38°, respectively; (2) the titratable —SH groups of solution of hemo- 
globin dialyzed against water, oxygenated and deoxygenated. 

About four —SH groups per mole are titratable argentometrically for 
both normal and sickle cell hemolysates at 0°. There is one less titratable 
—SH group per molecule of normal hemolysate at 38° than at 0° and 
there are two less titratable —SH groups per molecule of sickle cell he- 
molysate at 38° than at 0° (see Table I). A set of argentometric-am- 
perometric titration curves of sickle cell hemolysate at 0° and 38° is shown 
in Fig. 1. 

In contrast, the number of molecules of PCMB, bound by normal and 
sickle cell oxygenated hemolysates, was the same when measured at 0° 
and at 38°. For undialyzed fresh hemolysates, about 3 moles of PCMB 
per oxyhemoglobin molecule are bound in all instances (see Table IT). 

At 0°, about four —SH groups per mole were titratable for both dialyzed 
deoxygenated hemoglobins by the argentometric method. At 38°, eight 
—SH groups were argentometrically titratable per molecule of both de- 
oxygenated hemoglobins. The increment of titratable —SH groups 
equals +4 for both hemoglobins when the temperature of the solution was 
raised from 0° to 38° (see Table III). A set of argentometric-amperometric 
titration curves of dialyzed normal hemoglobin is shown in Fig. 2. 


? AGLA syringe microburette of Burroughs Wellcome and Company, Tuckehoe, 
New York. 
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The results of mercurimetric-amperometric titration data were quite 
III). About 4 mercury atoms are bound per 


unexpected (see Table 


TABLE I 


Titratable Sulfhydryl Groups of Human Undialyzed Deoxygenated 


Hemolysates at 0° and 38° 


Variety of hemoglobin ae. Silver atoms per 4 Fe a. Silver atoms per 4 Fe 
nations at 0 nations at 38 
Normal Hb-A 6 4.32 + 0.28 3.41 + 0.35 
Sickle cell Hb-S 7 4.03 + 0.24 1.90 + 0.33 


MICROAMPERES 
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5 X 10°9M AgNOz ADDED, ML. 


Fic. 1. Amperometric titration curves of sickle cell hemolysate at 0° (O) and 38° 
(X); 193 ul. of 12.3 per cent hemoglobin solution in NH,OH 0.25 m, NH,NO; 0.05 , 


NaCl 0.85 per cent. 


TABLE II 


p-Chloromercuribenzoate Binding of Human Oxygenated Hemolysates at 0° and 38° 


In each instance there were four determinations. 


Variety of hemoglobin 


PCMB per 4 Fe at 0° 


PCMB per 4 Fe at 38° 


Normal HbO, 
Sickle cell 


2.90 + 0.57 
2.90 + 0.57 


2.85 + 0.55 
2.90 + 0.57 


— 


molecule of normal hemoglobin at 0°; the result is represented schematically 
in Fig. 3, A. Since there are also about four argentometrically titratable 
—SH groups at 0° in normal hemoglobin molecules, it is suggested that the 
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lite | titratable —SH groups at 0° are located far apart; the —SH groups are 
per | separated so that no pairing is possible; thus they are not able to bind a 


TABLE III 
Titratable —SH Groups of Human Dialyzed Deorygenated Hemoglobins at 0° and 38° 
as At 0° At 38° 
Fe Variety of hemoglobin 
AgNOs bound per | HgCle bound per | AgNO: bound per | HgCle bound per 

4 Fe 4 Fe 4 Fe 4 Fe 

Hb-A 4.18 + 0.41 | 3.62 + 0.41 | 8.01 + 0.27 | 5.89 + 0.16 

Hb-S 3.92 + 0.39 | 3.13 + 0.49 | 7.91 + 0.41 | 5.02 + 0.36 


A = adult normal; S = sickle cell. 


j 560A 
4 
/ 
O 
2 / | |e oo 
or 
5 X AgNOz ADDED, ML. 
Fia, 2 Fia. 3 
Fig. 2. Amperometric titration curves of dialyzed normal hemoglobin solution at 
0° (O) and 38° (X); 193 ul. of 4.6 per cent hemoglobin solution in NH,OH 0.25 Mm, 
3° NH,NO; 0.05 m, NaCl 0.85 per cent. 


Fic. 3. A, a schematic representation of spatial arrangement of titratable —SH 
groups at 0° of a dialyzed normal human hemoglobin molecule; B, of a dialyzed 
sickle cell hemoglobin molecule; C, of titratable —SH groups (a constellation or 
conformation of S atoms) at 38° of a dialyzed normal human hemoglobin molecule; 
and D, of titratable —SH groups (a constellation or conformation of S atoms) at 
38° of a dialyzed sickle cell hemoglobin molecule. 


mercury atom. On the other hand, dialyzed sickle cell hemoglobin binds 
y about 3 mercury atoms per molecule at 0°; this is represented schematically 
le in Fig. 3, B. It is suggested that one pair of titratable —SH groups 
e may be so arranged that 1 mercury atom could be bound (in —S—Hg—S—, 
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the centers of the sulfur atoms are separated by twice the covalent Hg—S 
bond distance, giving S—Hg—S = 5.60 A), whereas the other two titrat- 
able —SH groups are separated too far. 

At 38°, about 6 mercury atoms are bound per molecule of dialyzed 
normal deoxygenated hemoglobin. ‘There are about 2 mercury atoms more 
than at 0°. In the argentometric titration, an increase of about 4 silver 
atoms per mole was obtained between 0° and 38°. It is suggested that 
the four —SH groups which become titratable (accessible) at 38° are 
arranged in such a way that 2 mercury atoms can be bound by them. This 
is schematically shown in Fig. 3, C. Thus the data indicate that there 
are about eight titratable —SH groups in the normal deoxygenated human 
hemoglobin molecule. 

Dialyzed sickle cell hemoglobin binds about 5 mercury atoms per mol- 
ecule at 38°. This is about 2 atoms of mercury more than at 0°. With 


silver, the increase was about 4 atoms per molecule. In accordance — 


with the previous picture, this would mean that the four new —SH groups 
are close enough (two and two) to be handled by just 2 mercury atoms. 
This is schematically shown in Fig. 3, D. 

The total number of titratable —SH groups is the same for normal and 
sickle cell hemoglobins, but their spatial arrangement appears to be 
different. The amino acid compositions of normal and sickle cell hemo- 
globin are similar (23, 7, 26). Pauling et al. (16, 17) suggested that the 
difference in structure between these molecules may be a difference in the 
way in which the polypeptide chains are folded. Ingram (10) found a 
specific difference in the sequence of amino acid residues of normal and 
sickle cell hemoglobin. This difference appears to be confined to one 
small section of one of the polypeptide chains. The present finding gives 
further support to this theory. 

In agreement with Benesch, Lardy, and Benesch (1), eight —SH groups 
are found to be titratable at room temperature in dialyzed oxyhemoglobins 
when their argentometric-amperometric titration method was used. They 
found that 8 moles of PCMB are bound per mole of human hemoglobin 
by equilibrium dialysis for 20 hours. In the present study, oxygenated 
normal and sickle cell hemolysates bound about 3 moles of PCMB per 
mole in both instances by the Boyer method. 


DISCUSSION 


Pauling’s steric hindrance theory of heme-heme interaction in hemo- 
globin provides an obvious explanation of the action of oxygen in pre- 
venting the sickling of sickle-cell anemia erythrocytes as well as the gelling 
of the sickle cell hemolysates (16). He has visualized the sickling process 
as one in which complementary sites on adjacent hemoglobin molecules 
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combine. It was suggested that oxyhemoglobin and carbon monoxyhemo- 
globin do not aggregate because of steric hindrance of the attached oxygen 
or carbon monoxide molecules. This steric hindrance effect might distort 
the complementary sites by forcing apart layers of protein, as suggested 
by the isocyanide experiments (22). | 

It was known for a long time that oxygen exerts a marked inhibitory 
effect on the sickling produced by any means. ‘Thus oxygen also exerts an 
inhibitory effect on the sickling produced by sulfhydryl compounds and is 
capable of reversing the phenomenon. Thomas and Stetson (25) reported 
that sulfhydryl compounds, notably H.S, 2,3-dimercaptopropanol (BAL), 
and cysteine, cause sickling. They also found that sickling is completely 
inhibited by small amounts of —SH blocking agents (o0-chloromercuri- 
benzoate, iodoacetamide, iodosobenzoate, sodium maleate). Ions of var- 
ious heavy metals also inhibit sickling. These —SH blocking agents 
presumably act to destroy the complementariness of configuration of the 
surface of the molecule. When deoxygenated sickle cell hemoglobin gel 
(at 38°) is cooled to 0°, the complementary sites must be likewise altered, 
resulting in liquefaction of the gel. An architectural alteration of the 
sickle cell hemoglobin molecule appears to be reflected by the change in 
the number of titratable —SH groups. 

Not all of the —SH groups of normal and sickle cell hemoglobin mole- 
cules are titratable in the hemolysates. ‘The —SH groups are more acces- 
sible to the titrating agents (Ag+ and Hg?+) after dialysis against water. 
There are four —SH groups per molecule not titratable at 0° in the deoxy- 
genated hemoglobins. These four non-titratable groups might be imbed- 
ded in the protein moiety; they are not titratable, probably because of 
steric hindrance between the —-SH group and a part of the globin in the 
hemoglobin molecule. Similarly PCMB binding is not equivalent to 
silver. About 3 PCMB molecules are bound by oxygenated normal and 
sickle cell hemolysates; the data suggest that there are three —SH groups 
which are different; they are less sterically hindered by a part of the 
globin molecule. Similarly Ingram (9) suggests that ‘“‘whilst the specificity 
is unchallenged, it can no longer be assumed that the number of sulphydry] 
groups in a protein is always equal to the number of molecules of mercury 
derivative bound.” 

Dialysis of hemoglobin solution against water is known to produce 
considerable alteration of the molecular architecture. For example, the 
oxygen-combining power is increased many fold (24). Dialysis of hemo- 
globin against water is believed to cause “loosening”? of the structure 
through the operation of electrostatic repulsive forces between the similarly 
charged portions of the molecule. In the presence of salt, these repulsive 
forces are diminished by the ion atmosphere that surrounds the charged 
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groups (22). The loosening of the protein structure would make imbedded 
—SH groups of the hemoglobin molecule easily accessible. 

The varied results obtained by the previous investigators may be ex- 
plained as follows: Ingbar and Kass (8) subjected their hemolysate to 
2.0 gm. per 100 ml. of NaCl and allowed it to stand overnight in the 
refrigerator; the solution was then dialyzed against 0.85 per cent NaCl. 
Ingram (9) dialyzed his hemolysate against 0.9 per cent NaCl previous to 
amperometric titration. The salt effect (which increased steric hindrance) 
might account for the low values observed. The salt effect would also 
account for the low value reported in this paper on the hemolysates. 
Ingram (9) found eight —SH groups per molecule after “loosening” the 
molecule with dodecyl sodium sulfate. Benesch, Lardy, and Benesch (1) 
dissolved the crystalline hemoglobin in water and found eight —SH groups 
in tris(hydroxymethyl)aminomethane (Tris) buffer. However, it was ob- 
served in this laboratory that the maximal number of —SH groups were 
not titratable in Tris if hemolysates were used (four to six —SH groups 
were titratable at room temperature for both normal and sickle cell hemoly- 
sates). For discussions of other factors which alter the number of titrat- 
able —SH groups, see Ingram (9) and Benesch, Lardy, and Benesch (1). 

Some of the —SH groups appear to be arranged in pairs, and they are 
able to bind mercury atoms forming —S—Hg—S— bridges. Ingram (9) 
suggested that the results he obtained with mercurimetric-amperometric 
titration of native and denatured hemoglobin showed that 1 HgCl. mole- 
cule can effectively block two argentometrically titratable —SH groups. 
Hughes (6) was led to a similar conclusion by the finding that mercaptal- 
bumin, which has one —SH group per molecule, can form a dimer, Hg— 
(S— pr)e, with HgCle. 

Additional evidence for the pairing of —SH groups comes from x-ray 
diffraction data. Studies of Perutz (18) and Perutz, Liquori, and Eirich 
(19) have shown that the molecules of horse and human hemoglobin possess 
diad axis of symmetry; Ingram (9) believed that his finding of an even 
number of titratable —SH groups agrees well with this symmetry, and he 
accordingly concluded that native ox and human hemoglobins appear to 
have four —SH groups in two pairs. Furthermore, x-ray diffraction 
measurements of horse hemoglobin with 4 equivalents of silver showed 
only one slightly elongated peak in the electron density map for each 
pair of silver atoms, indicating directly that the two —SH groups must be 
close together. 

More recently Riggs and Wolbach (21), who examined the effect. of 
several mercurials on hemoglobin, studied further the nature of heme-heme 
interactions and their dependence upon —SH groups of the protein, and 


3’ Murayama, M., unpublished data. 
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Ided similarly concluded that —S—Hg—S— linkages are formed; this linkage 
reduces the heme-heme interaction in horse hemoglobin. When —S—S— 
7 linkages are formed, similar reduction in heme-heme interaction takes 
be place (20). Thus, hemes and —SH groups are closely associated; mercu- 
the rials affect the hemoglobin spectrum to a small extent; they also affect 
ACI, n of Hill’s equation as well as the oxygen affinity (20, 21). 


to 

1¢e) SUMMARY 

also 1. Amperometrically titratable —SH groups of normal and sickle cell 
tes, hemolysates decreased when the temperature of the solution titrated was 


the changed from 0° to 38°; at 0° there were about four titratable —SH groups 
(1) per molecule (per 4 Fe); when the temperature was increased from 0° to 
- 38°, the number of titratable —SH groups was decreased by about one 
ob- —SH group per molecule for normal hemoglobin and about two —SH 
_ groups less per molecule for sickle cell hemoglobin. 


rae 2. Amperometrically titratable —SH groups of normal and sickle cell 
ly- hemolysate, after dialysis against water, zncreased when the temperature of 
at the solution titrated was changed from 0° to 38°; at 0° there were about 
). four titratable —SH groups per molecule; at 38° there was an increment of 
_ about four —-SH groups per molecule in both instances. 

(9) 3. A schematic representation of spatial arrangements of titratable 
ee —SH groups in normal and sickle cell hemoglobins is suggested. 

le- 4. Some of the factors which cause the number of titratable —SH groups 
- to vary in hemoglobin solutions are discussed. 


7 The author wishes to express his indebtedness to Professor Linus Pauling 
for helpful suggestions and critical examination of the manuscript. 


es He also is indebted to Dr. Phillip Sturgeon and Dr. W. R. Bergren of 
: the Children’s Hospital in Los Angeles for providing blood specimens 
2s from patients with homozygous sickle cell anemia. Dr. Roy T. Fisk, of 


9 Hyland Laboratories, Glendale, generously supplied the normal blood. 
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THE ENDOGENOUS ORIGIN OF BLOOD CHOLESTEROL 


By DAVID M. TENNENT, MARY E. ZANETTI, DAVID I. ATKINSON, 
GUNTHER W. KURON, ano DAVID F. OPDYKE 


(From the Merck Institute for Therapeutic Research, Rahway, New Jersey) 
(Received for publication, February 27, 1957) 


The liver is generally thought to be the chief source of that part of the 
blood cholesterol] which is synthesized in the body. Much of the evidence 
for this comes from experiments in vitro and from work in vivo with hepa- 
tectomized animals. Bloch, Borek, and Rittenberg (1) found that liver 
slices synthesized more cholesterol than any other sliced tissue. Byers, 
Friedman, and Michaelis (2) found that the rise in blood cholesterol which 
occurs after ligation of the bile duct was stopped by partial or complete 
hepatectomy, and Friedman, Byers, and Michaelis (3) found that hepa- 
tectomy slowed or prevented the return of blood cholesterol to normal 
after plasmapheresis. Recently Eckles, Taylor, Campbell, and Gould (4) 
reported that hepatectomized animals did not introduce cholesterol syn- 
thesized from acetate into the blood stream. 

This evidence, however, is not definitive. Werthessen and Schwenk (5) 
reported that the amount of cholesterol introduced by the perfused liver 
into the perfusate was increased by trauma. Hepatectomy removes the 
source of substances involved in cholesterol transport, such as phospho- 
lipide (6), and thus may prevent an increase in blood cholesterol even if 
the source of cholesterol itself is still present. 

In intact animals injected with radioacetate, Eckles, Taylor, Campbell, 
and Gould (4) found that the liver was the only organ of all those examined 
which contained cholesterol with greater specific activity than that of the 
plasma cholesterol. Schwenk, Alexander, and Fish (7), however, have 
observed even greater specific activity in cholesterol isolated from the 
gastrointestinal tract. 

Thus it would appear that demonstration of the ability of the liver to 
contribute cholesterol to the blood requires an isolated system, of which 
all components can be analyzed, and which can be set up with a minimum 
of trauma. The experiments reported here demonstrate that the liver 
synthesizes cholesterol and introduces it into the blood stream in a system 
that satisfies these requirements, the heart-lung-liver preparation in the 
dog. 
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EXPERIMENTAL 


Operative Procedure 


Mongrel dogs weighing 10 to 12 kilos were anesthetized with 35 mg. of 
sodium pentobarbital per kilo given intravenously. A large incision ex- 
tending from the neck to the pubis was made, and the trachea was cannu- 
lated. The bile duct was cannulated. The chest was opened with a mid- 
sternal incision, and mild artificial respiration was started. 

The vagi were cut, the azygos vein was tied off, and loose ligatures were 
placed around the brachiocephalic artery, the thoracic aorta, the sub- 
clavian artery, the abdominal inferior vena cava just below the liver, and 


Fic. 1. Diagram of dog heart-lung-liver preparation. See the text for an expla- 
nation of the symbols. 


the superior vena cava. The portal vein was isolated, and all of its tribu- 
taries were tied off. All branches of the celiac axis except the hepatic 
artery were tied off. The dog was given 4 mg. of heparin per kilo at this 
time and an additional 2 mg. per kilo every hour thereafter. 

Perfusion—In quick succession the portal vein (A) (see Fig. 1) was 
cannulated with polyethylene tubing leading from a siliconized blood reser- 
voir (B) mounted 170 mm. above the liver and maintained at 40° by means 
of a water jacket. The brachiocephalic artery was cannulated with a Y 
cannula (C), the air was displaced with blood, and one branch of the 
attached tubing was inserted into the celiac axis (D). The other branch 
conducted blood through a Starling type resistance maintained at 80 mm. 
of mercury into the blood reservoir (3). The subclavian, the aorta, the 
superior vena cava (SVC), and the abdominal inferior vena cava (JVC) 
were tied off quickly, and the preparation was complete. 
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The liver was subjected to very little handling during the procedure. It 
was perfused through both the portal vein and the hepatic artery, and there 
was no time when it did not have a potential blood supply, although actual 
flow to it was cut off for about 1 minute. | 

Controls—Control experiments were conducted with heart-lung prepa- 
rations made in the same manner, except that all blood from the brachio- 
cephalic artery went to the reservoir and was returned from there directly 
to the thoracic inferior vena cava. 


Cholesterol Synthesis 


When each preparation was complete, 40 ue. of sodium acetate-2-C"™ 
were added to the blood reservoir. The experiments were run for about 
23} hours thereafter, during which time between 100 and 500 ml. of an 
equal mixture of blood and balanced salt solution (Locke’s without dex- 
trose) were added. The blood in the system was then run out through 
the brachiocephalic artery while salt solution was run into the portal vein 
to displace it. 

The blood and bile were mixed with equal amounts, weight to volume, 
of solid KOH. In the two heart-lung experiments and the last heart- 
lung-liver experiment the organs were weighed, minced, and mixed with 
an equal amount, volume to weight, of 16 N KOH solution. The digests 
were heated to boiling, cooled, mixed with 2 volumes of ethanol, and incu- 
bated at 37° overnight. 

The digestion mixtures were then diluted with an equal amount of water 
and extracted with several portions of petroleum ether. The petroleum 
ether was washed with sodium acetate solution, dried over sodium sulfate, 
and distilled to dryness. 

The residues were dissolved in 2.5 ml. (6 ml. for liver) of 1:1 ethanol- 
acetone for each gm. of original organ weight, acidified with 0.001 volume 
of acetic acid, mixed with 0.65 volume of 0.25 per cent aqueous digitonin 
solution, and allowed to stand overnight. The precipitates were filtered 
on paper and washed in the filters with ethanol, acetone, ether, and hot 
water. Portions of them were plated on stainless steel filter planchets, 
dried in the vacuum oven, and counted under a thin window counter. By 
the procedures described by Schoenheimer and Dam (8) and Schwenk and 
Werthessen (9), the digitonides were decomposed and the cholesterol in 
them was purified by repeated conversion to cholesterol dibromide and 
then back to the digitonide until there was no significant change in specific 
activity between successive dibromides. 


Results 


Table I presents the results from two heart-lung and four heart-lung-liver 
preparations before and after purification of the cholesterol. Arterial 
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tissue, which was present in small amount, was not sampled. In the 
experiments in vivo of Eckles, Taylor, Campbell, and Gould (4) cholesterol 
isolated from arterial tissue had about the same specific activity as that 
from heart. The amount of cholesterol in the bile collected was uniformly 
too small for purification. 

The results for blood show that cholesterol newly synthesized from ace- 
tate was introduced into the blood stream when the liver was present but 


TABLE I 


Specific Activity* of Cholesterol from Heart-Lung and Heart-Lung-Liver 
Preparations before and after Purification 


Heart-lung Heart-lung-liver 
Before After Before After 
purification purification purification purification 
: c.p.m. permg. | C.p.m. per mg. c.p.m. per mg. | c.p.m. per mg. 
Blood 0.9 0 Blood 31.9 30.8 
Heart 3.6 0 Bile 22.1 
Lung 19.8 0 
Blood 29.4 31.7 
Blood 0.8 0 Bile 88.8 
Heart 9.1 0 
Lung 17.1 0 Blood 163.5 156.3 
Bile 24.3 
Blood 54 9 40.6 
Bile 2.6 
Heart 13.1 1.4 
Lung 17.6 8.6 
Liver 252.1 112.5 


* Counts per minute per mg. at infinite thinness. 


not when the liver was absent. 
tion was not great 1n any case. 

The radioactivity of cholesterol isolated from tissues from the heart-lung 
preparations vanished in every case on purification, and thus during the 
23} hour period there was no observable cholesterol synthesis by either 
heart or lung when the liver was absent. 

In the last heart-lung-liver preparation (see Table I) the heart and lung 
contained cholesterol newly synthesized from acetate, but in both cases 
the activity was less than that of the blood. The liver was the only tissue 
with activity greater than that of the blood, and thus the blood cholesterol 
must have originated in the liver. 


The loss in specific activity with purifica- 
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SUMMARY 


Cholesterol was synthesized from acetate and introduced into the blood 


stream in dog heart-lung-liver preparations set up with minimal trauma to 
the liver. The specific activity of cholesterol isolated from blood was less 
than that from liver but greater than that from heart or lung. 


In heart-lung preparations there was no observed synthesis during the 


2} hour experimental period. 


These experiments indicate that the liver is a good source of blood cho- 


lesterol. 
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THE STIMULATION OF THE PHOSPHOGLUCONATE 
OXIDATION PATHWAY BY PYRUVATE IN 
BOVINE CORNEAL EPITHELIUM* 


By JIN H. KINOSHITA 


(From the Howe Laboratory of Ophthalmology, Harvard Medical School, 
Massachusetts Eye and Ear Infirmary, Boston, Massachusetts) 


(Received for publication, March 14, 1957) 


Herrmann and Hickman (1) observed that bovine corneal epithelium 
is capable of utilizing considerable quantities of pyruvate. The unusual 
feature of their observation was that the amount of pyruvate utilized was 
independent of the presence or absence of oxygen. Since half as much 
lactic acid was produced as there was pyruvate metabolized, they con- 
cluded that the utilization of pyruvate involved a dismutation reaction. 

In this communication a reinvestigation of the anaerobic utilization of 
pyruvate by bovine corneal epithelium is reported. Evidence will be pre- 
sented to indicate that, rather than involving a dismutation reaction, the 
disappearance of pyruvate is coupled with the phosphogluconate oxidation 
pathway. 

EXPERIMENTAL 


Fresh cattle eyes were obtained from a local abattoir, and the epithelium 
was removed by scraping the cornea with a scalpel. In this way, sheets 
of epithelial cells, weighing 60 to 70 mg. per eye, can be obtained. The 
dry weight of this tissue, trichloroacetic acid-insoluble and 80 per cent 
alcohol-washed residue, amounts to 19.2 per cent of the wet weight. As 
soon as the epithelium is removed, it is placed in a chilled Krebs-Ringer 
bicarbonate buffer aerated with 95 per cent O2 and 5 per cent CO2. About 
600 mg. of the epithelium, the weight of which is more accurately deter- 
mined by dry weights after the experiment, are placed in the reaction 
flask containing the incubating media, and to establish anaerobic condi- 
tions, the reaction flasks are flushed for 10 minutes with 95 per cent Ne 
and 5 per cent COs. 

The description of the reaction flasks, the isotopes used, the procedures 
for radioactive measurements, and the chemical methods have already 
been given in previous papers (2-4). 


Results 


The results of the anaerobic incubation of bovine corneal epithelium 

with and without added pyruvate are summarized in Table I. The incu- 

*This work was supported by the United States Atomic Energy Commission. 
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bation of corneal epithelium under nitrogen without added substrate re- 
sulted in the accumulation of lactic acid from the glycolysis of the available 
glycogen. The presence of pyruvate in the incubating media increased 
the production of lactate by 31 umoles (79 — 47.9), while 56 uwmoles of the 
substrate were utilized. These findings are in accord with experiments of 
Herrmann and Hickman (1) in which they observed that 1 molecule of 
lactate was formed for every 2 molecules of pyruvate utilized. 

In contrast to the direct chemical measurements, the radioactive assays 
lead to a different conclusion. Of the 46,280 c.p.m. which disappeared 
from the pyruvate fraction, 42,265 c.p.m. were recovered as C'*-lactate. 


TABLE I 


Anaerobic Utilization of Pyruvate and Production of Lactate 
by Bovine Corneal Epithelium 


Six observations were made. Corneal epithelium (120 mg. of dry weight) was in- 
cubated in 6.0 ml. of Krebs-Ringer bicarbonate buffer for 3 hours at 38° with 95 per 
cent N»2 and 5 per cent CO» as the gas phase. The results are given as the mean 
+ standard deviation. 


Pyruvate, umoles Lactate, wmoles 
Substrate 
Initial Final Used Initial Final Formed 
Pyruvate (2-C")........... 120 6442 56 4.4 79.0 + 3.3) 74.6 
Specific activity*........ 655 + 15/505 + 22 535 + 14 
Total activityt.......... 78,600 (32,320 (46,280 42,265 


* Counts per minute per micromole. 
t Counts per minute. 


These results indicated that practically all the pyruvate was converted to 
lactate. In these experiments, only negligible amounts of radioactivity 
were detected in the CO, fraction. 

The results from the radioactive measurements imply that the reduction 
of pyruvate to lactate must be coupled with an oxidative reaction. From 
the evidence to be presented, it appears that the reaction involved is the 
phosphogluconate oxidation pathway. Previous papers have indicated 
that the enzymes of the phosphogluconate oxidation pathway appear ex- 
tremely active in the corneal epithelium (2), and the selective oxidation 
of the C-1 atom of glucose by this tissue suggests that most of the carbon 
dioxide produced from glucose is via this pathway (3). 

The participation of the phosphogluconate oxidation pathway in the 
utilization of pyruvate was demonstrated by studying the effect of this 
compound on the anaerobic oxidation of 1-C'4-glucose by the corneal epi- 
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c thelium. As shown in Table II, there was a significant quantity of C“O. 
le recovered when 1-C!4-glucose was incubated under anaerobic conditions 
d | with bovine corneal epithelium. The addition of unlabeled pyruvate in 
1© | the incubating medium stimulated the oxidation of 1-C'*-glucose so that 
of | there was an 8-fold increase in the production of CO2. In these experi- 
of ments the presence of glucose did not alter the amount of pyruvate utilized 


(55 to 60 umoles). The increase in the 2-C"-glucose oxidation to C™QOkz, 
rs but not that of 6-C'-glucose, gave further support that the phosphoglu- 


d conate oxidation pathway was involved in the utilization of pyruvate. For 
py 
TABLE II 
Effect of Pyruvate on Anaerobic Oxidation of Glucose by Bovine Corneal Epithelium 
Me of Total activity, c.p.m., recovered in 

Substrates observa- 
CO2 Lactate Pyruvate 
rf 
n 1-C'4-Glucose.............. 6 965 + 42 | 16,743 + 420 
_ | 1-C-Glucose + pyruvate.| 6 7555 + 278 5,173 + 150 | 3172 + 283 

| 4 128 + 37 
; 2-C'4-Glucose + pyruvate.| 4 2140 + 118 
6-C'4-Glucose.............. 4 0* 
- 6-C'4-Glucose + pyruvate.| 4 86 + 22 


The reaction vessels contained bovine corneal epithelium (120 mg. of dry weight) 
in 6.0 ml. of Krebs-Ringer bicarbonate buffer containing 120 uwmoles of radioglucose. 
The incubation period was for 3 hours at 38°. The results are corrected to an initial 
specific activity of 520 c.p.m. per umole, although, in the experiments with 2- and 
6-C'4-glucoses, a specific activity of twice this value was used. There were 120 
umoles of unlabeled pyruvate present in vessels containing this substrate. The 
values are given as the mean + the standard deviation. 

* Negligible. 


the oxidation of the C-2 atom of glucose to occur, it was necessary for the 
tissue to recycle pentose phosphate formed in the cleavage of C-1 to syn- 
thesize a new hexose phosphate molecule, one in which the C-2 of the origi- 
nal glucose moiety occupied the C-1 position. As demonstrated by Ho- 
recker et al. (5), the resynthesis of the hexose phosphate may occur by the 
transketolase and transaldolase reactions or by two transketolase reactions. 
In either case the newly formed hexose molecule would have the C-2 of 
the original molecule occupying the C-1 position. Horecker et al. (5) have 
also pointed out the possibility that triose phosphate formed in the phos- 
phogluconate oxidation pathway and the Embden-Meyerhof mechanism 
may be converted to hexose phosphate by the reversal of the aldolase reac- 
tion. This reaction would explain how it is possible for the C-6 of glucose 
to be oxidized by the phosphogluconate oxidation pathway. However, in 
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the corneal epithelium this seemed to occur to a limited extent, since only 
a slight increase in the oxidation of C-6 of glucose was observed in the 
presence of pyruvate. The addition of pyruvate, therefore, appeared to 
stimulate the rapid conversion of C-1 of glucose to CO, and the active 
oxidation of C-2, but did not accelerate the oxidation of C-6. These ob- 
servations are consistent with the view that the phosphogluconate oxidation 
pathway is involved in the pyruvate utilization by this tissue. 

The implication of the phosphogluconate oxidation pathway in the uti- 
lization of pyruvate readily explains the apparent discrepancy of the results 
obtained by the direct chemical measurements and the radioactive assays 
of the experiments reported in Table I. The amount of lactate formed 
from pyruvate was taken as the difference between the amounts produced 
by the tissue incubated with and without added pyruvate. It was as- 
sumed that the amount of lactate produced by the Embden-Meyerhof 
pathway is the same in both cases. However, since the presence of pyru- 
vate stimulates the phosphogluconate oxidation pathway, it seems likely 
that less hexose phosphate is metabolized by the Embden-Meyerhof 
scheme. This interpretation is supported by comparing the extent of 
glycolysis via the Embden-Meyerhof pathway with and without added 
pyruvate. When 1-C"*-glucose was the only substrate, the incorporation 
of C™ into lactic acid was used as the extent of glycolysis. In the presence 
of unlabeled pyruvate, the amount of radioactivity recovered in pyruvate 
as well as lactate from 1-C'*-glucose was taken as a measure of Embden- 
Meyerhof activity. As shown in Table II, the addition of unlabeled py- 
ruvate markedly decreased the extent of glucose metabolized via the 
Embden-Meyerhof pathway. When pyruvate was not present in the 
media, there were 16,743 c.p.m. of C™ recovered in lactate, and in the pres- 
ence of pyruvate 8345 c.p.m. were recovered in the end products of glycoly- 
sis. Therefore it would appear that the addition of pyruvate has decreased 
the amount of glucose metabolized via the Embden-Meyerhof pathway 
by 50 per cent. 

The manner by which the conversion of pyruvate to lactate, presumably 
a DPN?-dependent enzyme, is coupled with the TPN-linked dehydrogen- 
ases of the phosphogluconate oxidation pathway has also been studied. 
The most plausible explanation for the stimulation of the C-1 oxidation of 
glucose seemed to be that pyruvate increases the rate of reoxidation of 
TPNH formed by the alternate pathway. Apparently the reason for this 
is that the lactic acid dehydrogenase of the corneal epithelium is capable 
of functioning to some extent with TPN, although DPN is the preferred 


1The following abbreviations are used: DPN and DPNH for oxidized and reduced 
diphosphopyridine nucleotide, TPN and TPNH for oxidized and reduced triphos- 
phopyridine nucleotide, and Tris for tris(hydroxymethy]) aminomethane. 
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coenzyme. This was demonstrated by incubating pyruvate with dialyzed 
homogenate of corneal epithelium and measuring spectrophotometrically 
the rate of the oxidation of added TPNH or DPNH. Oxidation of TPNH 
was demonstrable under these conditions; however, only one-tenth or one- 
twelfth the amount of homogenate was needed to give the same rate of 
DPNH oxidation. The TPNH solution used in this study did not appear 
to be contaminated with DPNH, since no oxidation was observed with 
crystalline yeast alcohol dehydrogenase and acetaldehyde as the substrate. 

Another approach to demonstrate that a TPN-linked lactic acid dehy- 
drogenase was involved was to demonstrate the utilization of glucose 
6-phosphate and pyruvate with the production of carbon dioxide and lac- 
tic acid in the presence of TPN and dialyzed homogenate of corneal epi- 


III 
Utilization of Hexose Phosphate and Pyruvate in Bovine Corneal Homogenate 


Reactants and products 


Initial 


Change 


Glucose 6-phosphate.............. 


pmoles 


100 
120 
0 
12.7 + 2.6 


pmoles 
32 

115 

109.8 
59.3 


Dialyzed homogenate (equivalent to 50 mg. of dry weight of corneal epithelium) 
was incubated for 1 hour at 38° in 0.1 M Tris buffer, pH. 8.0, in a nitrogen atmosphere. 
The total volume was 10.0 ml. and contained 0.2 umole of TPN. The values are given 
as the mean + the standard deviation. 


thelium. In these experiments, the homogenate made up in isotonic 
sucrose and Tris buffer was centrifuged at 20,000 X g to remove the sedi- 
mentable particles and then was dialyzed for 24 hours against three changes 
of 100 volumes of water. The results of three experiments (Table IID) 
indicated that there was a disappearance of pyruvate and the production 
of an equivalent amount of lactate and one-half the amount of carbon 
dioxide. This would be the stoichiometry expected, since the production 
of 1 molecule of carbon dioxide via the phosphogluconate oxidation path- 
way involves the formation of 2 molecules of TPNH. It might have been 
anticipated that in this reaction the same amount of glucose 6-phosphate 
was utilized as carbon dioxide produced. However, in these experiments 
| only 32 umoles of glucose phosphate disappeared with the appearance of 
59 umoles of CO. Apparently, the enzymes in this tissue rapidly acted 
: on the pentose phosphate produced in the phosphogluconate oxidation 
| pathway to reform hexose phosphate. As previously shown (2), in this 
reaction 2 molecules of pentose phosphate are converted to 1 hexose phos- 


S 
S 
| Final | 
pnoles 

68 +3 | 

| 5 + 0.2 | 
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phate molecule. Consequently, for every 2 molecules of hexose phosphate 
oxidized and CO: produced via the phosphogluconate oxidation pathway, 
a net disappearance of only 1 molecule of hexose phosphate was observed. 

In this study with the dialyzed homogenate, pyruvate was not utilized 
unless both glucose 6-phosphate and TPN were present. DPN was unable 
to substitute for TPN. Glucose with TPN or DPN did not promote the 
utilization of pyruvate. 

The other possible explanation for the coupling of the dehydrogenases 
of the phosphogluconate oxidation pathway with lactic acid dehydrogenase 
is the participation of the pyridine nucleotide transhydrogenase enzyme. 
However, no transhydrogenase activity could be found in the dialyzed 
homogenates used in the experiments reported in Table III, in crude ho- 
mogenates, or in the isolated mitochondria of the corneal epithelium by 
the two methods of assay described by Kaplan et al. (6). 


DISCUSSION 


The extent of C-1 oxidation of glucose to carbon dioxide under anaerobic 
conditions in the presence of pyruvate appears to be greater than that 
observed under aerobic conditions without added pyruvate. Previously, 
it was shown that in the presence of oxygen carbon atom 1 from 7 ywmoles 
of glucose was converted to carbon dioxide per gm. of tissue per 3 hours 
(3). In this current work (Table II) it can be estimated that, under nitro- 
gen in the presence of pyruvate, C-1 from 24 umoles of glucose was oxidized 
to carbon dioxide per gm. of wet weight of tissue per 3 hours. It therefore 
appears that in the corneal epithelium the rate of reoxidation of TPNH is 
the rate-limiting step in the phosphogluconate oxidation pathway. 

Pirie and Van Heyningen (7) have pointed out that the Qo, of the corneal 
epithelium is similar to that of liver, and yet, from the available literature 
(3, 8), it does not appear that the citric acid cycle plays a prominent role 
in this ocular tissue. The phosphogluconate oxidation pathway, therefore, 
may be the more important aerobic pathway. Kaplan et al. (9) have 
recently shown that in liver mitochondria the reoxidation of TPNH is not 
associated with a significant production of high energy phosphate bonds. 
On the other hand, the reoxidation of DPNH through the electron trans- 
mitting system results in the generation of energy-rich phosphate bonds. 
If this situation is similar in the mitochondria of the cornea and in view of 
the absence of the pyridine nucleotide transhydrogenase, it is difficult to 
see how the TPNH formed in the phosphogluconate oxidation pathway 
could be used for the production of biological energy. In the corneal epi- 
thelium, it may be possible that the interaction of dehydrogenases of the 
phosphogluconate oxidation pathway with lactic acid dehydrogenase pro- 
vides a means by which energy can be formed through the reoxidation of 
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DPNH. This can be achieved by the following sequence of events: the 
TPNH formed via the dehydrogenation reaction of hexose phosphate con- 
verts pyruvate to lactate. The lactate is then reoxidized to pyruvate with 
the production of DPNH. The high energy phosphate bonds are then 
generated in the oxidation of DPNH in the mitochondria. In the corneal 
epithelium, with a sluggish tricarboxylic acid cycle, the main reaction of 
pyruvate may be its interconversion to lactate with DPN and TPN. In 
effect, the coupling of the two dehydrogenase systems serves as a pyridine 
nucleotide transhydrogenase in the soluble cytoplasm. 


SUMMARY 


The data presented here indicate that the anaerobic utilization of pyru- 
vate by the corneal epithelium is a reaction coupled with the oxidation of 
glucose via the phosphogluconate oxidation pathway. ‘The presence of 
pyruvate markedly stimulates the oxidative pathway in the corneal epi- 
thelium. The coupled reaction can be demonstrated in dialyzed homogen- 
ates with added triphosphopyridine nucleotide (TPN) in which there 
occurs the conversion of pyruvate to lactate, the simultaneous utilization 
of glucose 6-phosphate, and the production of carbon dioxide. The ex- 
planation seems to be that in this tissue the lactic acid dehydrogenase is 
capable of functioning with TPN. 
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There have been many investigations on the uptake of radioactive phos- 
phorus by viral infected cells (1, 2), but the number of studies in which 
cells of animal origin are employed are few. To our knowledge, there are 
no studies on the effects of poliomyelitis virus on phosphorus metabolism 
in the HeLa cell. However, this cell has been successfully infected by the 
poliomyelitis virus (3, 4). 

In this study we are reporting the results of uptake of radiophosphorus 
into cellular phosphorus fractions (inorganic, phospholipide, and nucleic 
acid) of the HeLa cell with and without exposure to poliomyelitis virus 
type I (Mahoney strain). 


EXPERIMENTAL 


Virus Experiment—15 days before the experiment, 1 X 10° HeLa cells 
were inoculated into 200 ml. culture flasks, and 10 ml. of growth medium 
were added according to the procedure of Syverton eé¢ al. (5) and allowed 
to grow for 15 days at 36° in a stationary state. Twice weekly one-half 
of the medium in the culture flasks was replaced with fresh growth medium, 
which consisted of 60 parts of Hank’s balanced salt solution (5), 10 parts 
of 1 per cent Difco yeast extract, 30 parts of human serum and antibiotics 
(penicillin and streptomycin, 50 units per ml. and 50 y per ml., respec- 
tively). 

15 minutes before virus inoculation, the growth medium was discarded 
and the HeLa cells were rinsed three times with 10 ml. aliquots of Hank’s 
solution. The culture flasks to be inoculated with the virus or the anti- 
serum! received 9 ml. of maintenance medium (5), those to be inoculated 


* Supported in part by a research grant from the National Foundation for Infantile 
Paralysis, Inc., North Dakota Cancer Society, and the United States Atomic Energy 


Commission. 
1100 TCIDs5o neutralized by 1:1600 dilution of the type I antiserum. Obtained 
from the National Foundation for Infantile Paralysis, Inc. 
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with virus plus antiserum mixture 8 ml., and those left uninfected 10 ml. 
The maintenance medium consisted of 90 parts of maintenance solution 
(5) and 10 parts of chicken serum. Cultures inoculated with virus re- 
ceived, in addition to the maintenance medium, 1.0 ml. of poliomyelitis 
virus (10~-°74 TCIDs5).2, Cultures inoculated with antiserum received 1.0 
ml. of diluted antiserum (1:25) in addition to the maintenance medium, 
and those inoculated with a virus-antiserum mixture received 2 ml. of a 
solution containing 1.0 ml. of virus (10-574 TCIDs50) plus 1.0 ml. of anti- 
serum (1:25) in addition to maintenance medium. The total volume in 
all cultures was 10 ml. The culture flasks were rotated slowly (20 cycles 
per minute) for 30, 60, 120, and 240 minutes before harvesting the cells. 
30 minutes before the cells were harvested from the flasks of a given time 
interval, a 2.0 ml. aliquot was removed for the titration of the virus (6) 
and 1.0 ml. of NaH2PO, was added. The final concentration of P*® in 
each flask was 7.3 we. per ml. The isotope remained in contact with the 
cells for 30 minutes regardless of the time of the addition of the virus. 

At the time of harvesting, the cells were scraped from the walls of four 
culture flasks with a rubber policeman and polled and uniformly mixed, and 
an aliquot was removed for cell counting and virus titration. The remain- 
der of the cell suspension was transferred into two glass homogenizing 
tubes and centrifuged in the cold at 2000 X g for 1.5 minutes. The super- 
natant fluid was poured off and the cells were washed with physiological 
saline and recentrifuged in the cold at 2000 X g for 1.5 minutes. The 
wash fluid was added to the original supernatant solution and the cells 
were inactivated with 10.0 ml. of cold 10 per cent trichloroacetic acid. 
The cellular material was fractionated by the Schneider method (7) into 
acid-soluble (total and inorganic), phospholipide, and nucleic acid (hot 
trichloroacetic acid-soluble). In addition, inorganic phosphate of the 
supernatant medium was determined. The lipide was extracted with 
alcohol-ether and purified with chloroform (8). Chemical analyses were 
carried out on these fractions by the Fiske and Subbarow method (9) with 
the Beckman DU spectrophotometer. Inorganic phosphate of the ex- 
tracellular fluid and the cellular acid-soluble phosphate were separated by 
the Delory method (10). Radioactivity measurements were made by a 
Geiger-Miiller counter (superscaler, Tracerlab, Inc.) and the specific activi- 
ties calculated (8). 

Virus for Experiment—Poliomyelitis virus type I, Mahoney strain, was 
maintained by HeLa passage and stored at —70°. Freshly passed and 


2 TCIDs0 = the dilution of the virus just sufficient to kill 50 per cent of the 5 day- 
old cell cultures in the test. 

3 Specific activity = per cent of dose of P** inoculated XK 10-® per cell/mg. of 
P X 10° per cell. 
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pooled virus was used and titrated by serial dilution, the stationary HeLa 
tube method being used, with eight tubes per dilution. The TCIDs50 was 
determined to be 10~-*** according to the Reed-Muench formula (6). For 
the experiment, a sufficient quantity of virus was thawed, diluted 1:10 
with maintenance solution, and 1.0 ml. was added to each culture flask 
containing the HeLa cells. 

Antiserum for Experiment—Poliomyelitis antiserum type I was obtained 
from the National Foundation for Infantile Paralysis, Inc. The serum 
was diluted 1:25 with Hank’s solution and 1.0 ml. was added to the ap- 
propriate flasks. 


Results 


Through the use of multiple labeling studies with the aid of C'-choline 
and inorganic P*®, it has been demonstrated that the incorporation of 
either isotope into phospholipide is a measure of the synthesis of phos- 
pholipide (11). Similar experimental procedures with C'-adenine and P® 
have demonstrated that various components of the nucleic acid molecule 
do not turn over independently (12). Hahn and Hevesey (13) have also 
shown that nucleic acid will not exchange with P*® when mixed with the 
latter an vitro. It is thus reasonable to assume that measurement of the 
radioactivity or the specific activity of the phospholipide and the nucleic 
acids of the HeLa cell during the ascending portion of the incorporation 
curve would be a measurement of synthesis of these components (14). 

At any rate, under the conditions of our experiments, an increase in 
the formation of phospholipides and nucleic acids may be reasonably 
assumed when higher values for the total radioactivity are found, and the 
specific activity values are also higher, or at least not lower, than in the 
control cells (15). 

It may be observed from the data of the uptake of P® into nucleic acid 
and phospholipides in the HeLa cells maintained in growth medium that 
30 minutes represent a period of incorporation which falls on the ascending 
portion of the incorporation curve (Table I). It may thus be assumed, 
in view of the results reported above, that we are measuring synthesis of 
these compounds in these cells. 

HeLa cells bathed in maintenance medium show only slight incorpora- 
tion of P® (Table II). This is consistent with the findings that main- 
tenance fluid is not conductive for cell growth and proliferation.‘ 

In Table III are tabulated the results of P® uptake into the various 
phosphorus fractions in the HeLa cells in which the bathing fluid is main- 
tenance medium and the cells are exposed to poliomyelitis virus, a mixture 


‘Ross, J., and Syverton, J. T., private communication; thesis, Department of 
Bacteriology, University of Minnesota (1957). 
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of poliomyelitis virus and antiserum, and antiserum for varying lengths 
of time. The incorporation of P® into the nucleic acid and the phos- 
pholipide fraction is accelerated many-fold as the time of virus contact is 


TABLE I 
Specific Activities of Phosphorus Fractions of HeLa Cell in Growth Medium* 
Cold acid-soluble 
Extracellula Total cold acid- 
soluble Phospholipide | Nucleic acid 
Time of 
incubation 
of Pi? Mg. | Mg. Mg. Mg. Mg. |. 
of Specific} of P | Specific | of Specific} of P (|Specific| of Specific 
per cell jactivity! per cell| activity |per cell |activity|per cell jactivity |per cell |activity 
xX 10°9% xX 10°% 10-9 x< 10-9 
min. 
30 84.99 151 | 0.37 | 90.0 | 6.24 | 17.2 | 3.39 | 0.72 | 4.14 | 1.61 
45 142.43 156 | 0.61 | 102.0 | 7.66 | 20.0 | 2.53 | 1.00 | 4.77 | 2.37 


* Average values of a pool of two cultures in triplicate. 

Specific activity = per cent of dose of P*? inoculated K 10-*/ mg. of P X 10-® per 
cell. Radioactivity per cell = per cent of dose of P** inoculated X 10-*. The dose 
of P*? inoculated 65.58 we. per culture. 


TABLE II 
Specific Activities of Phosphorus Fractions of HeLa Cell in Maintenance Medium* 
Cold acid-solubl 
Time of 
of P_| Specific | of P_| Specific °fP of P_ |Specific |M8- of P |specific 
per cell! activity | per cell| activity | \activity| per cell activity| R&™ jactivity 
x 10-8 x 10- x 10- 
min 
20 230 | 44.13 | 2.25 | 27.95 | 9.20 | 8.22 | 5.74 10.07 | 9.13 | 0.18 
30 246 | 39.13 | 2.32 | 28.38 | 9.35 | 9.88 | 5.63 | 0.09 | 10.35 | 0.28 
40 412 | 40.28 | 3.39 | 30.22 | 14.68 | 9.90 | 9.78 | 0.08 | 15.01 | 0.29 


* Average values of a pool of three cultures in triplicate. 

Specific activity = per cent of dose of P*? inoculated X 10~* percell / mg. of P X 
10-* per cell. Radioactivity per cell = per cent of dose of P** inoculated x 107°. 
The dose of P* inoculated 65.58 ue. per culture. 


extended. A rapid incorporation of P® into these organic compounds 
after 2 hours of virus exposure was evident from the increased specific 
activity values. A small but perceptible increase of specific activity during 
the early time periods of virus exposure was also evident. Cellular inor- 
ganic and the total acid-soluble phosphate specific activities for the in- 
fected cells were also higher than those of the controls. 
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TABLE III 


Exposure to Poliomyelitis Virus in Maintenance Medium* 


Specific Activities of Phosphorus Fractions of HeLa Cell with and without 


240 


240 


| 

Cold acid-soluble Total |Phospholiide [Nucleic acid 

Mg. Mg. Mg. Mg. Spe-| Mg Spe- 

of P_ | Specific) of P Specific) of P (Specific; of P | cific} of P | cific 

per cell |activity | per cell activity |per cell activity, per cell) ac- |per cell | ac- 
x 107 10-9 x 1079 X 107% tivity) X 10-9 tivity 
Control 150 |101.36) 0.72 | 46.60) 14.57; 6.83) 4.49 0.10) 9.17 
Virus 139 | 94.81) 0.77 | 43.51/13.28) 7.32) 4.51 (0.08) 9.58 (0.14 
Control 127 (104.38) 0.78 | 45.08) 11.12) 7.36) 4.56 0.13) 10.12 /0.13 
Virus 152 | 97.66) 0.89 | 37.70/ 15.45) 5.81) 4.42 0.08 7.93 0.22 
Control 85 (111.52) 0.65 | 43.09) 14.78; 5.16) 3.34 0.20; 4.54 (0.33 
Virus 155 | 91.38, 1.08 | 38.06) 14.01| 7.22) 5.07 0.11; 8.90 0.47 
Control 117 | 95.75 0.99 | 33.57 5.12) 4.09 0.18) 4.29 0.28 
Virus 132 | 99.02) 1.15 | 53.64) 16.09 | 13.87) 3.57 0.90) 4.40 |2.20 
121 (103.97) 1.12 | 35.71/}19.31; 7.89) 3.93 0.67! 4.34 

Antiserum é 

143 | 97.10 0.78 | 45.29/ 18.91); 4.59) 5.08 0.18) 4.70,0.36 


per cell. 


TABLE IV 


Comparison of Virus Titer with That of Specific Activities 
of Nucleic Acid and Phospholipide 


* Average values of a pool of four cultures in triplicate. 
30 minutes before the cells were harvested. 
Specific activity = per cent of dose of P*? inoculated X 10~® per cell / mg. of P X 
Radioactivity per cell = per cent of dose of P*? inoculated XK 107°. 
The dose of P*? inoculated 59.5 we. per culture. 


P22 added to the medium 


min. x 10*4 
0 1.27 
30 0.15 0.0 0.14 0.0 0.08 0.0 
60 0.22 57.2 0.08 0.0 
90 0.51 236.0 
120 0.47 236.0 0.11 32.0 
210 2.34 1460.0 
240 2.18 1460.0 0.90 1000.0 


newly made or desorbed virus. 


of the 5 day-old cell cultures in the test). 
mal viral titer in the medium in these experiments. 
tial values indicates the penetration or adsorption of the virus into or on the cell. 
An increase in virus titer in medium subsequent to the 30 minute interval represents 
Per cent change is calculated according to the aver- 
age difference between the value of the 30 minute interval with the values of each 
subsequent time interval. 


Virus titer = 1/TCIDs5po (the dilution of the virus just sufficient to kill 50 per cent 


The 30 minute titer represents the mini- 
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The virus titer and the specific activity in the medium as a function of 
time of virus contact with the cell are compared in Table IV. The virus 
titer and the increase in labeling of the nucleic acids trace out similar curves 
after the initial control period. The initial drop of viral titer in the me- 
dium is the result of a rapid penetration or adsorption of the virus on the 
cells (16-18). The increase of virus titer and the nucleic acid labeling 
with P® is almost identical for each time period. Those cells bathed in 
antiserum alone incorporated P*® into the various fractions at about the 
same rate as the control cultures. On the other hand, the rate of incorpo- 
ration of P® into the HeLa cells exposed to a mixture of virus and anti- 
serum (with antiserum sufficient to neutralize only a portion of the virus) 


was above that for the control cultures but below those cell cultures ex- | 


posed to the virus alone (Table III). 


DISCUSSION 


The HeLa cell does not grow and divide when bathed in maintenance — 
medium. This can be determined by counting the actual number of cells — 


in cultures with the passage of time.‘ The low incorporation rate of P® 
into the several cellular fractions of these cells in maintenance fluid may 
be related to this failure to grow and divide (Table I]). The effect of the 
growth medium may be observed by a comparison of the uptake of P® 
into the nucleic acid and phospholipide (Tables I and II). In the presence 
of virus and a medium which cannot supply the materials for normal cell 
growth, a large incorporation of P® occurs. What does the rapid incorpo- 
ration of P*® into the several cellular fractions in viral infected cells in main- 
tenance medium represent? It is undoubtedly not a result of growth and 
proliferation of the cells, since viral infection of these cells causes a rapid 
decline of cell number, lysis being complete in 12 to 36 hours with the 
viral dosage used in these experiments (5, 19). It may represent an 
unsuccessful attempt by the cell to replace metabolites and maintain 
itself in the presence of a destructive agent. Finally, the rapid incorpora- 
tion of P*? may represent the synthesis of intracellular viral components. 
The experiments reported here cannot distinguish unequivocally between 
these two alternatives. However, it has been shown (20) that the bacterial 
purines, C'*-adenine and C'-guanine, are used intact for the synthesis of 
viral nucleic acid. This lends credence to the idea of transfer of bacterial 
nucleic acid to viral nucleic acid. It has been further shown that bacterial 
nucleic acid P (deoxyribonucleic acid) (DNA) is most likely a source of 
viral (phage) nucleic acids (2). 

It is of interest that the inorganic P in the experiments described here 
was incorporated into the nucleic acids of the cell at the same rate as the 
increase of virus titer in the medium (Table IV). However, the cells 
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themselves are being lysed. This suggests further that the incorporation 
of the P® into organic components was used for purposes other than main- 
taining the cell integrity. In Table IV a comparison of the virus titer 
with the specific activity of the cell nucleic acid and phospholipide was 
made. The percentage increase of labeling of the nucleic acids with that 
of the increase in virus titer in the medium suggests that the increase in 
nucleic acid labeling is a measure of intracellular viral nucleic acid. In 
this regard it is of interest that Cohen’s data (21) suggest that the absolute 
bacterial DNA is related to virus titer in the early time periods of the 
infection. 

A progressive increase of lipide phosphorylation with extended viral 
infection was demonstrated (Table III). The reason for, or the fate of, 
the newly formed phospholipide molecules is not known. 4 hours after 
viral infection, the incorporation of P® into phospholipide is 5.0 times 
that of the phospholipide of the control cells. Moldave (22) had also 
found that infection of mouse brain cells with Theiler’s GD VII virus 
resulted in an increase of the specific activity in the lipide P by a factor of 
1.3 times that of the controls. It is of interest that Cohen (1) found no 
P® incorporation into phospholipide of bacteria infected with phage. 
The possibility of inorganic P® contaminating the phospholipide, and thus 
giving the latter a high specific activity, can be discounted on the grounds 
that contamination would be equal in all experimental groups. This is 
not the case. In addition, zn vitro experiments in this laboratory show 
that the inorganic P® is not carried over into chloroform from the alcohol- 
ether. 

The control cultures as well as the infected cultures show decreasing 
amounts of nucleic acid phosphorus per cell as the incubation progresses. 
This may be the result of the presence of the foreign protein (chicken 
serum) in the medium. It has been shown that foreign protein in the me- 
dium, bathing liver cells in vztro, does affect the metabolism of the cell (23). 
In the present experiments chicken serum was used in place of human 
serum to exclude the possibility of homotypic antibodies to the virus em- 
ployed. It is highly likely that the foreign protein has caused a progressive 
loss of organic phosphorus from the cell. 

The effectiveness of the antiserum in neutralizing the virus and thus 
reducing the uptake of P® was tabulated in Table III. The amount of 
antiserum added to the virus was chosen so as to give only partial neutrali- 
zation of the virus. In this way, it was possible to assess the effect of 
Virus-antiserum interaction. It is evident that the antiserum which 
Was present in amounts sufficient to give only partial neutralization was 
adequate to prevent these cells from behaving as a typical infected cell 
culture, and their response was therefore intermediate between control 
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and infected cells. The results obtained from these experiments suggest 
that the uptake of P® into the nucleic acid fraction of the HeLa cell might 
be utilized for titrating virus or antiserum. This aspect of the problem 
is being further investigated. 


SUMMARY 


The uptake of radiophosphorus (P*) into cellular phosphorus fractions 
(inorganic, phospholipide, and nucleic acid) by the HeLa cell, the HeLa 
cell exposed to poliomyelitis virus plus antiserum, and antiserum alone 
has been investigated. 

The uptake of radiophosphorus by HeLa cells _— to the polio- 
myelitis virus was accelerated into the nucleic acid and lipide fractions. 

The increased uptake into nucleic acids has been related to the increase 
of virus titer in the medium. 
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STUDIES ON SUCCINIC DEHYDROGENASE 


III. THE FUMARIC REDUCTASE ACTIVITY OF SUCCINIC 
DEHYDROGENASE* 


By VINCENT MASSEY anp THOMAS P. SINGERft 


(From the Edsel B. Ford Institute for Medical Research, Henry Ford Hospital, 
Detroit, Michigan) 


(Received for publication, January 14, 1957) 


In 1924 Quastel and Whetham (3) demonstrated that the oxidation of 
succinate to fumarate is a reversible process in the bacterial cell. Shortly 
thereafter Thunberg (4) reached the same conclusion for the process in 
mammalian tissues. In later years some question arose as to whether or 
not this reversible oxidation is catalyzed by the single enzyme, succinic 
dehydrogenase, largely as a result of the reports of Fischer et al. (5, 6) 
that yeast contains a fumaric reductase incapable of oxidizing succinate 
with methylene blue as electron acceptor. This enzyme was purified by 
Fischer and coworkers to a limited extent from a crude preparation of the 
“old yellow enzyme” as source material and was reported to be a flavo- 
enzyme which could be reversibly resolved into apoenzyme and FAD.! 

In view of the finding that the succinic dehydrogenases isolated from 
yeast and animal tissues react only exceedingly slowly with methylene 
blue (7, 8), it seemed possible that the use of this dye was responsible for 
the lack of succinate oxidation by Fischer’s fumaric reductase preparations. 
The recent isolation of the dehydrogenase as a highly purified enzyme from 
beef heart (9) and yeast (8) afforded an opportunity to examine the re- 
versible nature of its catalytic action. This paper presents the results 
of this investigation and some suggestions concerning the mechanism of 
action of the enzyme. 

EXPERIMENTAL 


Material—Succinic dehydrogenase from beef heart and from bakers’ 
yeast was isolated as previously described (8, 9). FMN and FAD were 


* These studies were aided by grants from the National Heart Institute, United 
States Public Health Service, and the American Heart Association, and by a contract 
between the Office of Naval Research, Department of the Navy, and the Edsel B. 
Ford Institute for Medical Research, Nonr-1656(00). Preliminary accounts have been 
published (1, 2). 

t Established Investigator of the American Heart Association. 

1 The following abbreviations are used: FMN, flavin mononucleotide; FMNH2, 
reduced FMN; FAD, flavin adenine dinucleotide; EDTA, ethylenediaminetetraace- 
tate. The terms ‘“‘fumaric reductase”? and ‘‘fumaric hydrogenase’’ are considered 
synonymous; Su, sucrose; Fu, fumarate. 
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obtained from the Sigma Chemical Company. In view of its instability, 
diethylsafranin was prepared daily from Janus Green B (diethylsafranin- 
azodimethylaniline, National Aniline Division, Allied Chemical and Dye 
Corporation) by reduction with hydrosulfite in phosphate buffer, pH 
7.6, and reoxidation with O, (10). Its concentration was calculated from 
the approximate E55) value of 4.9 & 10‘ given in the literature (10). 
The preparation of phenazine methosulfate has been detailed elsewhere (11). 

Methods—Unless otherwise stated, succinic dehydrogenase activity (for- 
ward assay) was measured by the manometric phenazine methosulfate 
method (7, 11) and maximal initial activity was calculated from the varia- 
tion of observed activity with dye concentration. Fumaric reductase 
activity (reverse assay) was measured spectrophotometrically with FMNH, 
or leucodiethylsafranin as electron donors. The method detailed below 
is for use with FMNH2; with minor modifications it may be employed 
with other dyes. The reaction is carried out in a conventional Beckman 
cell of 1 cm. light path, sealed to a double side arm Thunberg tube. The 
substrate is placed in one side arm and the enzyme in the other; the main 
compartment contains the buffer and oxidized dye. The tube is evacuated 
and refilled with pure Ne. A solution of sodium hydrosulfite is then added 
in slight excess over that required for complete reduction of the FMN. 
The tube is reevacuated; a small amount of air is readmitted. The main 
compartment of the tube is then examined in ultraviolet light and shaken 
until a faint fluorescence persists, indicating a slight reoxidation of the 
dye. The tube is then quickly evacuated, refilled with O2-free Nz (bubbled 
through alkaline pyrogallol), and once more evacuated. The process of 
gassing and evacuation is once more repeated. After tipping in the 
enzyme, the tube is brought to the desired temperature and the optical 
density at 470 mu is followed for 10 minutes to insure that no blank oxida- 
tion of the FMNHz2 is occurring because of incomplete anaerobiosis. 
With care this technique results in a 95 to 99 per cent reduced FMN 
solution and in the absence of substrate no oxidation of FM NH} is detect- 
able. The reaction is then started by tipping in the fumarate and it is 
followed by the increase in optical density at 470 my in a temperature- 
controlled spectrophotometer. The maximal initial velocity is deter- 
mined from double reciprocal plots of the initial velocity at various FM NH: 
concentrations. With the beef heart and yeast enzymes a convenient 
range is 2 X 10°*m to 2 X 10°* mM FMNHo>. The amount of fumarate 
reduced is finally calculated from the observed E47) of FMN of 9.35 X& 10%. 

When leucodiethylsafranin was used as electron donor, it was necessary 
to carry out the reaction in the presence of 0.01 m EDTA because of the 
presence of inhibitory metals in the commercial dye. With both dyes 
it is imperative to have the dye in the partially oxidized form during the 
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period when the completeness of the evacuation is checked. With fully 
reduced dye and excess hydrosulfite present, any blank rate given by 
incomplete or faulty anaerobiosis (and its acceleration by some trace 
metals, such as Fe**) easily goes undetected. 


Results 


Identity of Succinic Dehydrogenase and Fumaric Reductase 


Direct Evidence of Reversibility—When beef heart succinic dehydrogenase 
is titrated with hydrosulfite, an extensive bleaching of the amber color of 
the enzyme occurs, with a maximal difference at 450 to 460 my, because 
of the reduction of the prosthetic groups (12).2, Upon oxygenation the 
original color returns slowly; thus the enzyme is slightly autoxidizable. 
When fumarate is added under anaerobic conditions to the reduced enzyme, 
rapid reoxidation of the enzyme occurs, as evidenced by the return of 
color. Reduction by hydrosulfite also bleaches the weak fluorescence of 
the enzyme and reoxidation by fumarate causes a return of fluorescence. 
Fig. 1 illustrates the course of these events, as measured at 450 my. It 
is seen that the rapid initial reoxidation is followed by a slower, secondary 
reaction. Since the enzyme used in this experiment had lost some of its 
activity on storage, the reason for the relative slowness of the secondary 
reaction may be that it represents the oxidation of inactive leucoenzyme 
)} by active oxidized enzyme, an explanation offered by Morell for the 
similar behavior of xanthine oxidase (14). 

Evidence from Catalysis of Fumaric Reductase Reaction—Fischer et al. 
(5, 6) found that several reduced dyes of low potential, among them 
leucodiethylsafranin, functioned as efficient electron donors in the fumaric 
reductase reaction in yeast preparations. When tested with highly 
purified beef heart succinic dehydrogenase as a catalyst, this dye was 
found to bring about the rapid reduction of fumarate (Reaction 1). 


Leucodiethylsafranin + fumarate — diethylsafranin + succinate (1) 


The rate was strictly proportional to the enzyme concentration over a wide 
range. Fig. 2 shows that the rate was markedly dependent on the initial 
concentration of the reduced dye. The maximal initial velocity was 12 
per cent of the rate measured at the same pH and temperature in the 
succinic dehydrogenase reaction with phenazine methosulfate as electron 
acceptor. 

The instability of diethylsafranin and the ease of autoxidation of its 
leuco form severely limit the usefulness of this dye as an electron donor in 


2 Hydrosulfite probably reduces the iron as well as the flavin components, since 
according to recent data (13) the enzyme is isolated in the ferric form. 
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routine assays. The successful use* of reduced flavins as electron donors 
to a similar enzyme, yeast lactic dehydrogenase, and the availability of 
relatively pure FMN and its ready solubility in water suggested that it 
would be an ideal donor in assays of fumarate reduction. With FMNH, 
as electron donor the rate of reduction of fumarate by the beef heart 
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Fic. 1. The reoxidation of reduced succinic dehydrogenase by fumarate. Con- 
ditions, the main compartment of a Thunberg tube which fitted the Beckman spec- 
trophotometer contained 9.4 mg. of succinic dehydrogenase (about 70 per cent pure), 
100 wmoles of tris(hydroxymethyl)aminomethane buffer, pH 8.3, and 150 uwmoles of 
phosphate, pH 7.6, in a volume of 3m]. The side arm contained 100 umoles of neutral 
dried fumarate. Hydrosulfite (HS) was added in concentrated solution in very 
slight excess over that needed for reduction of the enzyme; then the tube was twice 
evacuated and filled with pure Nz. Fumarate (FUM) was added at the point indi- 
cated by the arrow. The E459 values shown are corrected for the slight dilution 
caused by the addition of hydrosulfite. 


enzyme was 11 per cent of the rate of the forward reaction, in close agree- 
ment with the results obtained with leucodiethylsafranin. Thus, 


ie (phenazine methosulfate) 
Vi, (FMNHE: or leucodiethylsafranin) 


This ratio was found to be constant, within experimental error, in eight 
preparations tested at purity levels varying from 10 to 90 per cent. 

Since the original studies on fumaric reductase action utilized a yeast 
preparation, the ratios of the rates of the forward and reverse reactions 
were determined in the course of the purification of succinic dehydrogenase 


’E. Boeri, private communication. 
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| | | { { 
(X 104) 


[Leucodiethylsafranin] 


Fic. 2. Saturation curve of beef heart succinic dehydrogenase with leucodiethy]- 
safranin. Abscissa, reciprocal molar concentration of leucodiethylsafranin; or- 
dinate, reciprocal initial velocity (in arbitrary units). 


TABLE I 


Comparison of Forward and Reverse Reactions at Various Stages of Purification 
of Yeast Succinic Dehydrogenase 


Stages of purification Qo2 og 

Yeast mitochondria............................. 110—160* 24 
After protamine precipitation................... 900T 32 
«3rd (NH,)2SO, precipitation. ............. 3570T 22 


* Dry weight basis. 

t Protein basis. 

t Ratio of succinic dehydrogenase activity at 38° in standard manometric phen- 
azine methosulfate assay at 0.067 per cent dye concentration to fumaric reductase 
activity at 22° in the presence of 6.7 X 10°4mM FMNHg2. In bothassays 0.05 m phos- 
phate, pH 7.6, was present. The Qo, refers to the standard manometric assay at 38°. 


from yeast in order to ascertain whether any evidence could be found for 
the presence of a separate enzyme for fumarate reduction. As documented 
in Table I, by starting with a mitochondrial preparation (wherein all the 
dehydrogenase activity is concentrated (15)), up to the last stage of 
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purification Vga ((phenazine methosulfate)/Vi. (FMNH:)) remains 
constant. The ratios given in Table I are for rates determined at fixed 
concentrations of FMNHe. and phenazine methosulfate and thus do not 
represent maximal velocities. At maximal velocity the ratio for the 
yeast enzyme is 8, within experimental error the same as that for the heart 
enzyme. 

Evidence from Inhibitors and Activators—Further evidence that the 
fumaric reductase action was a property of succinic dehydrogenase and 
not of a separate enzyme came from a study of the effect of p-chloromercuri- 
benzoate on catalysis of the forward and reverse reactions by the beef 
heart enzyme. At a series of concentrations of the mercurial, the inhibi- 


TABLE II 
Effect of p-Chloromercuribenzoate on Forward and Reverse Reactions 
Inhibition 
p-Chloromer curib te 
concentration 
In phenazine methosulfate assay | In FMNH:2 assay 
M per cent | per cent 
5 xX 107 41 | 38 
1 X 78 $1 
95-100 90-95 


Activities were measured in 0.05 M phosphate, pH 7.6, at 25°. The enzyme con- 
centration was the same in the two assay systems (about 1.5 K 107-7 M). Succinate 
oxidation was assayed here by a spectrophotometric adaptation of the phenazine 
methosulfate method in which the rate of reduction of the acceptor is followed an- 
aerobically at 395 mz. This assay was chosen in preference to the manometric one, 
since the latter requires the use of cyanide, which reverses the effect of the mer- 
curial (9). 


tion of succinate oxidation paralleled the inhibition of fumarate reduction 
quite closely (Table II). Similar results were obtained in tests with the 
yeast enzyme. 

Tischer and coworkers (6) reported that fumaric reductase could be 
readily split into native apoenzyme and FAD and the holoenzyme recon- 
stituted to full activity, whereas the flavin moieties of both beef heart 
and yeast succinic dehydrogenases are built into the core of the protein 
and thus cannot be split off (16-18). It was of interest therefore to 
attempt the reversible resolution of the yeast enzyme with respect to 
fumaric reductase activity. As reported in detail elsewhere (17), exhaus- 
tive dialysis and various methods of denaturation failed to set free any 
flavin and the activity of the dialyzed preparation was not enhanced with 
respect to either the forward or the reverse reactions by added FAD. 
Similarly, added Fe*** or FAD + Fe*** failed to activate the dialyzed 
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enzyme in either direction of its catalysis; as a matter of fact added iron 
(2to5 X 10-4 M) slightly inhibited fumarate reduction as well as succinate 
oxidation. 

While these data demonstrate the identity of succinic dehydrogenase 
and fumaric reductase in these preparations, certain differences have been 
noted in the behavior of the enzyme in the forward and reverse assays, as 
detailed in the next two sections. 


Kinetic Constants of Reverse Reaction 


As expected, if the same enzyme catalyzes the forward and reverse 
reactions, succinate and malonate are potent competitive inhibitors of 
fumarate reduction by the dehydrogenases from heart and yeast. The 
competitive inhibition of succinate oxidation by fumarate has been reported 
earlier (9). The kinetic constants for these compounds, however, vary 


TABLE III 


Kinetic Constants of Beef Heart Succinic Dehydrogenase in 0.05 
M Phosphate, pH 7.6, at 25° 


Constant* Value in forward assay Value in reverse assay 
M M 
8 x 10-4 5 x 10“ 
2.5 X 1075 1.2 x 10° 
*K, or Ky. 


significantly according to whether the forward or reverse reaction is 
measured. Table III summarizes the kinetic constants for the beef 
heart enzyme at pH 7.6 and 25°. The values represent Michaelis constants 
(K,, or K,) at infinite dye concentration and are uncomplicated by factors 
representing the variation in activity with dye concentration. The 
possible significance of these differences will be considered under ‘“Dis- 
cussion.” 


Effect of Aging on Succinic Dehydrogenase 


Solutions of beef heart succinic dehydrogenase are gradually inactivated, 
even when preserved at —20° (9). As assayed by fumarate reduction, 
however, the loss of activity is much less than that observed in succinic 
dehydrogenase assays. When the activity of aged preparations was 
tested by the phenazine methosulfate method at a series of acceptor 
concentrations, a large decrease in maximal velocity was noted, accom- 
panied by a small increase in the apparent Michaelis constant for the 
dye (Fig. 3). In the reverse assay, with FMNH2 as electron donor and 
under the same conditions of aging, relatively little change was observed 
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in the maximal velocity, but a considerable increase occurred in Kyyyu, 
(Fig. 4). Thus in 23 days in the frozen state the maximal velocity of the 
forward reaction declined by 75 per cent, while that of the reverse reaction 
decreased by ohly 20 per cent. During the same period the A,, for phena- 


| 


Fia. 3 4 


Fic. 3. The effect of aging on the phenazine methosulfate activity of beef heart 
succinic dehydrogenase. Abscissa, reciprocal molar concentration of phenazine 
methosulfate; ordinate, reciprocal initial velocity (in arbitrary units). O, fresh 
beef heart enzyme; X, same concentration of the same preparation after 23 days in 
the frozen state. 

Fic. 4. Effect of aging on the fumaric reductase activity of beef heart succinic 
dehydrogenase in the FMNH, assay. Abscissa, reciprocal millimolar concentration 
of FMNH2; ordinate, reciprocal velocity (in arbitrary units). O, fresh beef heart 
enzyme; X, same concentration of the same preparation after 23 days in the frozen 
state. 
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zine methosulfate increased from 9.1 K 10-4 Mm to 1.5 & 10-* mM, while the 
K,, for FMNHsz increased from 7.7 XK 10-4mM to 4.0 K 10-* mM. The changes 
suggest rearrangements in protein structure around the active center and 
imply that different reaction mechanisms operate in the forward and 
reverse assays. In an earlier paper (16) it was suggested that the iron 
atoms of succinic dehydrogenase might be operative in the catalytic reac- 
tion between succinate and phenazine methosulfate but not in the reaction 
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between fumarate and FMNHe:. It seems possible that the differential 
effect of aging on the rates of the forward and reverse reactions is a reflec- 
tion of different reaction sites of the mediators used in the two types of 
assay. 

DISCUSSION 


The evidence presented in this paper clearly shows that the action of 
succinic dehydrogenase is readily reversible. Furthermore the constancy 
of ratio of the forward and reverse activities in preparations of varying 
stages of purification suggests that the reverse activity of succinic dehydro- 
genase is sufficient to account for the observed fumaric reductase activity 
of beef heart and bakers’ yeast mitochondria. The reports (5, 6) by 
Fischer and coworkers of enzyme preparations from brewers’ yeast with 
activity toward fumarate reduction but not succinate oxidation might 
well be explained in the light of more recent knowledge of the acceptor 
specificity of succinic dehydrogenase and the greater instability of the 
forward reaction. ‘The preparations of Fischer et al. of fumaric reductase 
were obtained from old yellow enzyme fractions, whose isolation involves 
many steps known to be deleterious to succinic dehydrogenase. It is 
possible that the enzyme in the starting material used by Fischer et al. 
had already lost most of its succinic dehydrogenase activity, while still 
retaining some of its less labile fumaric reductase activity. Secondly, the 
activity of succinic dehydrogenase toward methylene blue is only about 
2 per cent of that toward phenazine methosulfate (17). As Fischer et al. 
employed methylene blue in their tests for succinic dehydrogenase activity, 
it would not be surprising, in view of the properties mentioned above, that 
no activity was detected. 

One aspect of the work of Fischer et al. is more difficult to reconcile 
with the hypothesis that the enzyme studied by these workers was a 
largely inactivated succinic dehydrogenase. Thus the report (6) that 
the inactivation of fumaric reductase on prolonged dialysis is readily 
reversed by FAD, indicating a reversible resolution of the holoenzyme, is 
in direct contradiction to the finding that succinic dehydrogenase cannot 
be resolved into apoenzyme and FAD by any known means. In fact the 
only method so far found for the liberation of the flavin involves exhaustive 
digestion of the protein by proteolytic enzymes (16-18). Further, as 
already mentioned, the addition of FAD is without effect on the rate of 
reduction of fumarate even in thoroughly dialyzed samples of the yeast 
enzyme. The loss of activity on dialysis (6) may have been due to failure 
to exclude trace metals from the dialyzing medium. The apparent 
reactivation by the addition of FAD could have been due to the catalysis 
of autoxidation of reduced dye in the presence of traces of O2. This type 
of non-enzymatic reaction readily escapes detection unless rigorous pro- 
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visions are made to exclude it (see under ‘‘Methods” and Singer and 
Kearney (11)). Secondly it should be mentioned that the dye concentra- 
tions used by Fischer et al. were rather low. Since FADH: can act as an 
efficient electron donor to the enzyme, the increase in activity may have 
represented, in part at least, the normal acceleration brought about by an 
increase in dye concentration (cf. Figs. 2 and 4). While it is consid- 
ered likely that such artifacts probably account for the results of Fischer 
et al., the possibility nevertheless exists that in the particular strain of 
brewers’ yeast used by them, even in intact cells, the structure of the 
succinic dehydrogenase was such as to favor the reduction of fumarate 
over the oxidation of succinate. Succinic dehydrogenases with such 
properties appear to exist, in fact, in obligate anaerobes (19).4: ° 

The differences noted in the catalytic properties of succinic dehydro- 
genase, depending on whether the forward or reverse reaction was studied, 
may be interpreted in terms of a working hypothesis of the mechanism of 
action of the enzyme (Fig. 5). The essential feature of this scheme is 
that electron transport from the substrate to certain electron carriers, 
such as ferricyanide and N-alkylphenazonium compounds, may involve 
the iron groups of the enzyme, whereas electron transport to another 
group of carriers (FMNHb, leucodiethylsafranin) may by-pass the iron 
and involve a direct reaction between the flavin prosthetic group and the 
dye. While the evidence for the role of iron in the action of the enzyme, 
which has been briefly summarized elsewhere (16, 19), is circumstantial 
and indirect, it is consistent with current concepts on the role of metals 
in metal flavoproteins. The differences in reaction sites of the two groups 
of electron carriers suggested in Fig. 5 are not regarded as characteristic 
differences of the forward and reverse reactions, respectively, but, rather, 
as reflections of the type of electron acceptor or donor used in the assay. 

The proposed mechanism is consistent with the different effects of aging 
encountered in the two types of assays. One effect of aging might then 
be a change in the configuration of the enzyme either in the vicinity of, or 
directly involving, the iron atoms. If the forward reaction involves the 
electron transport sequence, succinate — FAD-enzyme — Fettt — 
phenazine methosulfate — Oz, it would be expected to be affected markedly 
by such a change, as far as maximal velocity is concerned, as has been 
observed. The reaction measured in the reverse assay, which according 
to the scheme by-passes the iron and proceeds by the sequence, fumarate — 
FAD-enzyme — leuco dye, would not be expected to show a corresponding 
change in maximal activity, in accord with the findings. The large 
change in the K,, for FMNHg2 encountered on aging may be the result of 


4 Peck, H., Smith, O. H., and Gest, H., in preparation. 
§ Warringa, M.G. P. J., Smith, O. H., Giuditta, A., and Singer, T. P., in prepara- 
tion. 
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different steric relations created by the structural alterations in the pro- 
tein. 

The differences in the kinetic constants fdr succinate, fumarate, and 
malonate documented in Table III may also be explained in terms of the 
scheme in Fig. 5. It might be argued that the finding of a higher K,, for 
succinate in the forward direction, wherein it acts as substrate, as compared 
with the AK; for succinate in the reverse assay may be expected, since on 


FI Fe** Fu Fu Fi 
PHENAZINE METHOSULPHATE [— |< | 
or Fe (cn) = NATURAL 
ACCEPTOR 
REDUCED REDUCED NATURAL 
ACCEPTOR ACCEPTOR 
FI Fetttoy SU FI Fu Fettt 
LENZ [ 3 
FMNH>o 
OR 
LEUCODIETHYL - FI’ ru FU 
OXIDIZED 
DONOR 
FMNH, OR su suri fe"*™ 
LEUCODIETHYL - | < , 
SAFRANIN > 


Fic. 5. Proposed scheme of some electron transfers catalyzed by succinic de- 
hydrogenase. 


theoretical grounds the K,, may be higher than the true dissociation 
constant (measured by the K,;). This type of explanation does not apply 
to the divergence in K, values for malonate in the two types of assay nor 
to fumarate, since the K,;, was higher than the K,, directly measured. 
The differences in these kinetic constants for fumarate, malonate, and 
possibly also for succinate might be due, instead, to the circumstance that 
the binding of the substrate is affected by the state of oxidation of the 
neighboring prosthetic groups. From the mechanism suggested in Fig. 5 
it would be expected that during succinate oxidation with phenazine 
methosulfate the oxidized form of the prosthetic groups would predominate 
in the steady state, while in the FMNHp assay the reduced prosthetic 
groups would prevail. 
SUMMARY 


1. The reversibility of succinic dehydrogenase from yeast and animal 
tissues has been demonstrated by the constancy of the ratio of activities 
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in the forward and reverse directions from mitochondrial preparations to 
the highly purified, soluble enzyme and by inhibitor studies. 

2. Succinate and malonate are effective competitive inhibitors of the 
fumaric reductase activity of succinic dehydrogenase. The K,, and K;, 
values for succinate, fumarate, and malonate in the forward and reverse 
reactions of the beef heart enzyme have been determined. 

3. A differential effect of aging on the succinic dehydrogenase and fumaric 
reductase activities of the enzyme has been demonstrated and interpreted 
in terms of different reaction mechanisms operating in the two catalytic 
activities. 

4. Data in the literature on unidirectional fumaric reductases have 
been reinterpreted in the light of present knowledge of succinic dehydro- 
genase. 

5. A scheme has been presented for the reaction sequences operating 
during the events of electron transport catalyzed by succinic dehydro- 
genase. 
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METABOLISM OF ADIPOSE TISSUE 


II. INCORPORATION OF PROPIONATE CARBON INTO LIPIDES 
BY SLICES OF ADIPOSE TISSUE* 
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The researches of several groups have demonstrated that, in many in- 
stances, the metabolic pathways of adipose tissue are the same as those of 
other mammalian tissues. Thus, all the necessary enzymes that convert 
glucose to glycogen in liver, kidney, and other tissues have been found in 
adipose tissue (1, 2). Adipose tissue, likewise, has been shown to convert 
glucose to fatty acid. This conversion is altered by alloxan diabetes, 
insulin therapy, and the nutritional status of the animal (3, 4) in a manner 
qualitatively similar to alterations produced in other tissues (5, 6). Adi- 
pose tissue can also readily convert radioactive acetate into fatty acids 
(7, 8). 

In other instances, the metabolic pathway of adipose tissue was quan- 
titatively different from liver (9, 10). Both tissues were shown to con- 
vert carbon atoms 1 and 2 of acetate to long chain fatty acids, but, in 
contrast to what was expected and found in the case of liver, adipose 
tissue unexpectedly converted carboxyl carbon of acetate more readily 
to fatty acids than it converted methyl carbon (9). Subsequent studies 
demonstrated that adipose tissue was capable of converting radioactive 
propionate to fatty acids 100 to 200 times more than liver (10). An ex- 
tension of this work is the subject of the present communication. 


EXPERIMENTAL 
Materials 


Radioactive Substrates—Formate-C"™, succinate-1,4-C, succinate-2 ,3- 
C4, propionate-1-C™, and propionate-2-C™, usually with specific activities 
of 1 mc. per mmole, were purchased from Isotopes Specialties Company, 
Inc., and Nuclear Instrument and Chemical Corporation. Bicarbonate- 
was prepared from BaCQO;-C". Methyl malonate-C™ (carboxyl-la- 
beled) was synthesized as described below. 

Synthesis of Methyl Malonate-C' (Carboxyl-Labeled)—Barium carbonate- 


* Aided by a grant from the American Cancer Society. 
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C" is reduced with sodium azide to sodium cyanide-C™ by the method 
outlined by Calvin et al. (11). The cyanide group is condensed to the 
a-carbon of propionic acid by the reaction of a-bromopropionic acid with 
sodium cyanide. Hydrolysis yields methylmalonic acid labeled in the 
carboxyl carbon. The procedure is described in detail in Robertson (12). 
After two crystallizations in ethyl acetate-water solution, the product is 
chromatographed on paper as described below for final purification. The 
strip corresponding to pure methylmalonic acid is eluted with ethyl ether 
and finally dried in vacuo. The melting point was 127-—129° and the 
specific activity was 0.1 me. per mmole. 


Methods 


Preparation and Treatment of Slices—Male white Swiss mice were fed 
ad libitum an adequate diet of Purina laboratory chow up to the time of 
death. The adult mice were killed by separation of the cervical vertebrae, 
and the liver and adipose tissues were rapidly removed. Incubation pro- 
cedures were identical with those previously described (9). In some cases 
700 mg. of tissue slices were used, and in others more than 700 mg. of 
tissue were used as recorded in Tables I to IV. In general, 1.0 ml. of 
buffer was used for each 100 mg. of tissue. The Krebs-Ringer-bicarbonate 
solution was usually fortified with 0.01 m succinate and 0.011 m glucose. 
Exceptions or additions are noted on each table. 

Analytical Procedures—Collection of COs, separation and isolation of 
lipide fractions, and radioassay methods have been described elsewhere 
(9). After the CO, was collected, the slices and medium were transferred 
to a tube and centrifuged. The supernatant solution was decanted. The 
tissue was extracted twice with 5 ml. of hot water, and the combined 
supernatant solution and washings were treated for chromatography as 
described below. BaC'™O; was counted with either a Geiger-Miiller end 
window counter or a gas flow counter. Procedures for isolation and puri- 
fication of the lipide fractions were carried out in such a manner as to 
assure no contamination of radioactive carbon from non-utilized C"-la- 
beled substrate. 

Radiochromatography—The pH of the combined supernatant solution 
and washings from above was adjusted to 2 and transferred to a Reco 
electric desalting apparatus. Upon completion of electrodialysis, the 
desalted fraction was transferred to a liquid-liquid apparatus where it 
was extracted continuously with ethyl ether for 48 hours. The ether was 
concentrated to a small volume and streaked on Whatman No. 1 filter 
paper for chromatography. The chromatogram was developed in iso- 
amyl alcohol-4 n formic acid by the descending method for 20 hours. This 
procedure has been shown to be successful for the separation of methyl- 
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malonie acid and succinic acid (13). Organic acids were identified by 
spraying with brom phenol blue. ‘“‘No screen” x-ray films were used for 
the preparation of radioautographs. 


Results 


In a previous report (9) it was shown that carboxyl carbon of acetate 
was converted to fatty acids by adipose tissue two times as readily as the 
methyl carbon. Experiments with bicarbonate under conditions identical 
with those described for acetate eliminated the possibility that bicarbonate 
was an obligate intermediate in the conversion of carboxyl carbon of ace- 
tate to fatty acids in adipose tissue. These observations have led to the 
present study dealing with compounds which may be involved in metabo- 
lism of carbon compounds of varying chain length from 1 to 5. 

Formate-C'* Experiment—Formic acid was readily converted to carbon 
dioxide by liver, up to 75 per cent of the original material being found in 
this fraction, after 3 hours of incubation. Adipose tissue converted the 
formate to carbon dioxide less readily, being one-twenty-fifth as active as 
liver when compared on a 100 mg. per fat-free tissue basis. Small amounts 
of radioactivity were recovered in the liver non-saponifiable fraction, but, 
other than that, no radioactive carbon was found in the lipide fraction of 
either tissue. 

Propionate-1-C'4 Experiment—The conversion of C™ from propionate- 
1-C'* into carbon dioxide of adipose tissue and liver was found to be of the 
same order of magnitude (Table 1). The mean value found for adipose 
tissue was 6.90 per cent compared to 7.12 per cent for liver, per 100 mg. 
of fat-free tissue. Small amounts of radioactivity were recovered in the 
non-saponifiable lipide fraction of each tissue. 

By contrast, conversion of propionate-1-C'™ to fatty acids by adipose 
tissue and liver was greatly different. Adipose tissue converted 1.60 per 
cent of propionate to fatty acids as compared to 0.01 per cent for liver. 
The conversion of propionate to fatty acids by adipose tissue was of the 
same order of magnitude as conversion of acetate by this tissue and may 
be indicative of an important metabolic pathway in lipide metabolism of 
this tissue. 

Propionate-2-C' Experiment—The recovery of C'* in CO: was less from 
propionate-2-C™ than from propionate-1-C™ for both liver and adipose 
tissue (Tables I and II). The conversion figures were 1.80 per cent per 
100 mg. of fat-free tissue for adipose tissue and 1.61 for liver. 

As was the case with propionate-1-C™, Table II shows that propionate- 
2-C'* was converted to fatty acids by adipose tissue to a much greater 
extent than by liver. Adipose tissue converted 1.42 per cent of propionate 
to fatty acids per 100 mg. of fat-free tissue compared to 0.03 per cent for 
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Small amounts of C™ were recovered in the non-saponifiable frac- 


TABLE I 
Conversion of Propionate-1-C'4 to Fatty Acids, Non-Saponifiable Lipides, 
and Carbon Dioxide by Slices of Adipose Tissue and Liver 
950 + 100 mg. of tissue slices were incubated for 3 hours at 37.5° with 0.001 m 
The total activity added to each flask was 680,000 c.p.m. 7.0 ml. 
of Krebs-bicarbonate buffer enriched with 0.01 mM succinate and 0.011 m glucose were 


used. 
C™ recovered as C4 per 100 mg. fat-free tissue recovered as 
men issue Non-sa- 
F ‘ Non- fi- 

No oes 4 ey CO: Fatty acids able lipides CO: 

total c.p.m.|total c.p.m.| total c.p.m per cent per cent per cent sai 
1 Adipose | 13,600 818 57,200 0.83 0.05 3.34 
2 i 31,900 228 36, 600 3.15 0.02 3.61 
3 ” 21,800 | 1583 48,700 2.50 0.18 5.61 
4 1. 17,500 823 67,000 1.08 0.05 4.14 
5 21,400 542 | 112,000 1.47 0.04 7.63 
6* ” 11,600 Ot | 74,300 1.46 OT 9.50 
7* “_ 8,900 165 78,400 1.03 0.02 9.05 
8* - 14,600 349 85, 900 1.83 0.04 10.8 
9* ” 13, 500 179 104,000 1.09 0.01 8.42 
1.60 + 0.26f'0.05 + 0.02/6.90 + 0.93 
10 Liver 830 670 | 338,000 0.01 0.01 5.43 
11 700 690 | 368,000 0.01 0.01 6.24 
12 - 930 960 | 341,000 0.01 0.01 4.53 
13 - 990 | 1300 | 390,000 0.01 0.02 5.03 
14 ” 1,380 260 | 291,000 0.02 <0.01 6.33 
15 ” 1,260 730 | 351,000 0.02 0.01 8.97 
16 24 570 250 | 369,000 0.01 <0.01 10.4 
17 “4 554 230 | 358,000 0.01 <0.01 10.1 
0.01 + 0.01 0.01 + 0.01/7.12 + 0.82 


* The molarity of propionate-1-C" was 0.00079 and the total activity added to each 
bath was 530,000 c.p.m. 
+ All counting rates which were less than 1.3 times the background are reported 


as zero. 


¢ Standard error of the mean. 


Work of Whiteley (14) and others (13, 15, 16) has shown that pro- 
pionate can condense with other carbon compounds, presumably carbon 
dioxide (or compounds readily degraded to carbon dioxide), to form suc- 
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cinate. A series of experiments was carried out to test the possibility that 
propionate condenses with a 1-carbon compound in its conversion to fatty 
acids by adipose tissue. 

Bicarbonate-C'4, Carrier Propionate Experiment—Carrier propionate in 
a final concentration of 0.01 m was added to the incubation medium con- 


TABLE II 
Conversion of Propionate-2-C'4 to Fatty Acids, Non-Saponifiable Lipides, 
and Carbon Dioxide by Slices of Adipose Tissue and Liver 
1450 + 10 mg. of tissue slices were incubated for 3 hours at 37.5° with 0.243 mmole 
of propionate-2-C'*. The total activity added to each flask was 4.6 K 10° ¢.p.m. 
14.0 ml. of Krebs-bicarbonate buffer enriched with 0.01 M succinate and 0.011 M glu- 
cose were used. 


. C4 recovered as C4 per 100 mg. fat-free tissue recovered as 
x- 
peri- | Tissue 
ment Non-sa- Non- 
No. Fatty acids —— CO Fatty acids fiable lipides CO2 
cree total c.p.m. \total c.p.m.| total c.p.m. per cent per cent per cent 
1 | Adipose | 174,000 | 14,100 | 258,000 0.84 0.07 1.25 
2 ” 211,000 | 13,300 229 , 000 1.09 0.07 1.18 
3 sa 496,000 | 17,100 | 650,000 2.55 0.09 3.33 
4 7 388,000 | 14,500 | 483,000 1.65 0.06 — 2.05 
5 ” 246,000 | 15,600 | 297,000 0.96 0.06 1.17 
1.42 + 0.32*'0.07 + 0.00)1.80 + 0.42 
6 Liver 24,000 | 24,300 |1,134,000 0.04 0.04 1.86 
7 ss 13,000 | 68,500 |1,010,000 0.02 0.11 1.65 
8 24,000 | 22,100 160,000 0.04 0.04 1.89 
5,700 | 21,900 |1,120,000 0.01 0.03 1.73 
10 = 12,700 | 36,700 | 982,000 0.02 0.05 1.43 
11 ™ 11,100 | 47,100 743 , 000 0.02 0.07 1.12 


* Standard error of the mean. 


taining 0.001 m bicarbonate-C™. In a total of eight experiments the re- 
covery of C' in fatty acids and non-saponifiable lipides in both adipose 
tissue and liver proved to be negligible. 

Succinate-1 ,4-C'* and Succinate-2,3-C'4 Experiments—Since the pre- 
ceding experiment excluded the possibility that propionate condenses with 
carbon dioxide to form a 4-carbon intermediate in fatty acid synthesis, 
the more direct approach of using succinate labeled on different carbons 
with C' was tested. However, in a series of eight experiments each for 
succinate-1 ,4-C'4 and succinate-2 ,3-C™, no C4 was found in the fatty acid 
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fraction recovered from liver and adipose tissue. These experiments ex- 
clude the possibility that succinate was an intermediate in the conversion 
of propionate to fatty acids in adipose tissue. 

Recent experiments of Flavin et al. (17) and Katz and Chaikoff (13) 
have implicated methyl malonate in the oxidation of propionate. Ex- 


TaBLeE III 
Conversion of Methyl Malonate (Carboxyl-C™) to Fatty Acids, Non-Saponifiable 
Lipides, and Carbon Dioxide by Slices of Adipose Tissue and Liver 
1400 + 10 mg. of tissue slices were incubated for 3 hours at 37.5° with 0.0093 m 


methyl malonate (carboxyl-C'). The total activity added to each flask was 1.74 X 
10°¢.p.m. 14.0 ml. of Krebs-bicarbonate buffer enriched with 0.011 M glucose were 


used. 


C™ recovered as C4 per 100 mg. fat-free tissue recovered as 
Exper- - 
iment issue Non-sa- Non- ® 
No. poniaable| COs Fatty acids COz 
lipides lipides 
ae total c.p.m. total c.p.m.| total c.p.m. per cent per cent per cent 
1 Adipose | 23,900 1470 7,360 0.40 0.02 0.12 
2 ” 35, 600 1040 5,630 0.57 0.02 0.09 
3° 61,700 | 7520 7,330 0.54 0.07 0.06 
4* - 69,700 | 5520 6,670 0.56 0.04 0.05 
0.52 + 0.017 0.04 + 0.01,0.08 + 0.02 
5 Liver SSO 1210 | 171,000 <0.01 0.01 0.72 
6 eg 1,030 1310 147,000 <0.01 0.01 0.61 
2,190 2390 122,000 <0.01 0.01 0.37 
8* 870 =4870 111,000 <Q.01 0.01 0.32 
<0.01 0.01 + 0.00 0.51 + 0.03 


* The total activity added to each bath was 2.62 X 10° c.p.m. 
{ Standard error of the mean. 


periments were carried out to determine whether this compound is a pre- 
cursor in the synthesis of fatty acids by adipose tissue. 

Methyl Malonate (Carboxryl-C') Experiment—The results of this ex- 
periment demonstrate that adipose tissue is capable of converting radio- 
active methyl malonate to fatty acids and does so to an extent 100 to 200 
times greater than does liver. Conversion of C' from methyl malonate 
to adipose fatty acids was found to be 0.52 per cent per 100 mg. of fat-free 
tissue and for liver the corresponding figure was less than 0.01 per cent 


(Table ITI). 
The conversion ratio of C4 from methy] malonate to fatty acids by these 
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two tissues Is of the same magnitude as the ratio of conversion of C'™ from 
propionate. This is the case even though the extent of conversion for 
methyl malonate was one-third less than propionate. Conversion of 
methyl malonate to carbon dioxide was found to be 0.10 per cent per 100 


TaBie IV 
Effect of Methyl Malonate on Conversion of Propionate-1-C™ to Fatty Acids, 
Non-Saponifiable Lipides and Carbon Dioxide 
by Slices of Adtpose Tissue and Liver 
1400 + 200 mg. of tissue slices were incubated for 3 hours at 37.5° with 0.001 mM 
propionate-1-C'™. The total activity added to each flask was 1.25 & 10° e.p.m. 
14.0 ml. of Krebs-bicarbonate buffer enriched with 0.01 M succinate and 0.011 m glu- 
cose were used. Methyl malonate was also added so that its final concentration was 


0.01 M. 
i C4 recovered as Cl per 100 mg. fat-free tissue recovered as 
the. Tissue Non-sa- Non-sa- 
Fatty acids ponifiable Fatty acids ponifiable 
lipides lipides 
total c.p.m. total c.p.m.| total c.p.m. | per cent | per cent | per cent 
Adipose 6, 100 S14. 125,000 0.11 0.02 2.32 
2 7,100 319 163,000 0.09 <0.01 1.97 
3 6,370 340 23,200 0.10 0.01 | 0.38 
4 7,490 480 33, 000 0.12 | 0.01 | 0.51 
| 12,600 562 119,000 0.22 2.06 
6 - 11,800 410 112,000 0.28 0.01 2.72 
Mean... 0.15 + 0.01* 1.66 + 0.40 
7 Liver Ot | 285 | 527,000' ft | <0.01| 3.32 
0 350 548,000 0) | 0.01 3.38 
{) Sa 460 1230 648 , OOO <0.01 0.01 3.56 
10 = 360 S50 686, 000 <0.0] 0.01 3.81 


* Standard error of the mean. 
+ All counting rates which were less than 1.3 times the buckground are reported 
as zero. 


mg. of fat-free tissue for adipose tissue and 0.60 per cent for liver. These 
values are far below those found for oxidation of propionate (Tables I 
and I). 

Proptonate-1-C™, Carrier Methyl Malonate Experiment—Addition — ot 
‘arrier methyl malonate at a final concentration of 0.01 mM reduced the 
conversion of propionate-1-C'™ to fatty acids by adipose tissue from a 
value of 1.60 per cent (Table 1) to a value of 0.15 per cent per 100 mg. of 
fat-free tissue (Table IV). In contrast, depression of conversion of pro- 
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pionate carbon to carbon dioxide was from 6.90 per cent to 1.66 per cent 
for adipose tissue. 

Chromatography-Radioautography ~The radiograms are shown in lig. 1. 
C™ was recovered in the succinate spot after incubation of adipose tissue 
with bicarbonate-C!'' in the presence of either succinate carrier or pro- 
pionate carrier. This ix illustrated in Fig. 1, 4. No radioactivity was 
found at the spot where methyl malonate would be expected. Fig. 1, B 


ME THYLMALONATE 


Adipose _ Adipose Liver Adipose Liver 
‘B' 

Bicorbonate Propionate Propionate 

1-C-14 2-C-14 


Fig. i. Radioautographs of adipose tissue and liver extracts from mice. Super- 
natant and combined washings were electrodialyzed, extracted with ether, and chro 
matographed for 20 hours with isoamy] aleohol-4 N formie acid. A, adipose tissue 
incubated with bicarbonste-C! and carrier propionate; B, liver and adipose tissue 
incubated with propionate-1-C™; C, liver and adipose tissue incubated with pro- 
pionate-2-C!. 


shows radioactivity recovered as succinate after incubation with pro- 
pionate-1-C" in the presence of succinate, propionate, or methyl malonate 
carrier. No C4 appeared at the methyl malonate spot for adipose tissue. 
C™ was recovered in the methyl malonate spot for the case of liver. — Fig. 
1, C demonstrates for propionate-2-C™ the same recoveries as for pro- 
pionate-1-C', 

DISCUSSION 


In an attempt to explain some of the quantitative, if not the qualitative, 
differences between lipide metabolism of adipose tissue and liver of the 
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mouse (9, 10), a series of experiments was carried out on potential lipide 
formers. 

Recovery of C™ in fatty acids of adipose tissue from propionate-1-C™ 
Was surprising in view of present knowledge which would lead one to expect 
this label to be recovered primarily in carbohydrate peols or in COs. Ex- 
periments with propionate-2-C™ indicate that the molecule remains intact 
in its Conversion to long chain fatty acids.  Suecinate was excluded as an 
obligate intermediate in this conversion. 

From the results obtained in experiments with methyl malonate, it ap- 
pears that this substrate may be an intermediate in the path of propionate 
to fatty acids of adipose tissue. If this be the case. the methyl malonate 
ix formed by a mechanism not utilizing condensation of bicarbonate with 
propionate as a major role. It appears also that reutes of conversion of 
propionate to carbon dioxide and fatty acid diverge at a stage prior to 
methyl malonate. However, the possibility that propionate is an inter- 
mediate in conversion of methyl malonate to fatty «acids of adipose tissue 
‘annot be excluded. The fact that no methyl malenate-C™ was recovered 
after incubation of propionate-C'™ lends some credence to this supposi- 
tion. 

Other possibilities include the condensation of prepionate with carbon 
fragments of chain length greater than one. This sspeet of the problem 
ix the subject of investigation. 


SUMMARY 


1. Slices from adipose tissue and liver were incubated with C™-labeled 
formate, propionate, succinate, and methyl malonate, and the respiratory 
‘arbon dioxide, fatty acids, and non-saponifiable lipides were isolated and 
analyzed for radioactivity. Organic acids were quslitatively identified 
by chromatography and radioautography. 

2. Formate and succinate carbons were not recovered in fatty acids of 
either tissues. 

3. Adipose tissue oxidized propionate to carbon dioxide at a rate equal 
to that of liver. The percentage recovery of C' in respiratory carbon 
dioxide was greater for propionate-1-C'™ than for propionate-2-C™, 

4. Recovery of C'-labeled propionate in fatty acids of adipose tissue 
was 100 to 200 times greater than recovery in liver slices when compared 
on a fat-free wet tissue basis. 

Reeovery of C™ from C!+labeled methyl] malonate in fatty acids of 
adipose tissue was 100 to 200 times greater than recovery in liver slices. 
Propionate-C' was converted to adipose tissue fatty acids to an extent 
three times that of methyl malonate-C™. 

6. No Cl was recovered as methyl malonate in adipose tissue after 
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incubation with propionate-C™ or bicarbonate-C'™ and propionate carrier 
under conditions of the experiment. The role of acetate, propionate, suc- 
cinate, and methyl malonate in the biosvnthesis of fatty acids in adipose 
tissue is discussed. 
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A METHOD FOR THE DETERMINATION OF PEPTIDES IN THE 
PRESENCE OF FREE AMINO ACIDS* 


By ALVIN MARKOVITZft anno DANIEL STEINBERG 


(From the Laboratory of Cellular Physiology and Metabolism, National Heart Institute, 
National Institutes of Health, Public Health Service, Bethesda, Maryland) 


(Received for publication, May 2, 1957) 


In the course of exploratory studies on the nature of the intermediates 
in protein biosynthesis, need arose for a method of detecting small amounts 
of radioactive peptides or other bound forms of amino acids in the presence 
of large excesses of radioactive free amino acids. Measurement of radio- 
active bound amino acids as the difference in ninhydrin-labile radioactive 
CO, before and after acid hydrolysis is not satisfactory when most of the 
radioactivity is present in the form of free amino acids. Small errors in 
the measurement of the very large value for free amino acid radioactivity 
introduce large errors in the much smaller ‘‘difference value’”’ representing 
radioactive bound amino acids. If, on the other hand, the large excess of 
free amino acids could be destroyed prior to acid hydrolysis without at 
the same time destroying bound amino acids, the error inherent in the 
difference methods might be considerably reduced. 

Van Slyke et al. have shown that reaction with ninhydrin almost com- 
pletely destroys most free amino acids with the release of carbon dioxide 
and ammonia (2). Peptides, excepting y-glutamyl peptides, released 
CO, very slowly, if at all, at pH 2.5. Recent studies by Cristol e¢ al. (3) 
and by Saidel (4), who used release of ammonia as a measure of reaction 
rate, indicate that peptides containing N-terminal glycine, while they do 
not release CO., do react with the release of ammonia. All other peptides 
examined released ammonia only very slowly. The reactivity of N-ter- 
minal glycine residues and the relative stability at pH 2.5 of peptides con- 
taining other than glycine N-terminal residues are confirmed in the present 
study. Theoretically, then, it should be possible to destroy the free amino 
acids in a mixture by reaction with ninhydrin with only minimal losses of 
any peptide-bound amino acids present (Step 1). After removal or de- 
struction of the ninhydrin and subsequent acid hydrolysis (Step 2), a 
second reaction with ninhydrin (Step 3) should permit measurement of 


* A preliminary report of this work (1) was presented at the meeting of the Fed- 
eration of American Societies for Experimental Biology, Chicago, April 15-19, 1957. 

+t Postdoctoral Research Fellow of the National Heart Institute. Present address, 
La Rabida Jackson Park Sanitarium and the Department of Microbiology, Univer- 
sity of Chicago, Chicago, Illinois. 
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the peptide-bound amino acid content of the mixture. The present report 
describes such a three-step procedure and indicates its applicability both 
in the detection of radioactive peptide-bound amino acids and in quanti- 
tative analysis of mixtures of amino acids and peptides. 


EXPERIMENTAL 


Step 1. Destruction of Free Amino Acids by Reaction with Ninhydrin— 
Samples were treated with ninhydrin according to the procedure of Van 
Slyke et al. for the titrimetric determination of amino acids (5). An all- 
glass U-tube of the kind described by Calvin et al. for wet combustions was 
used (6). The reaction vessel (2.1 cm. internal diameter) was fitted with 
a ledge from which the ninhydrin, held in a flat bottomed glass vial, could 
be dumped to initiate the reaction after the U-tube was evacuated and 
sealed. 100 mg. of citrate buffer of pH 2.5 and 150 mg. of ninhydrin were 
used as in the “macro procedure” of Van Slyke et al. (5). The reaction 
mixture, in a final volume of 3 ml., was heated in a boiling water bath for 
10 minutes. The receiving vessel, containing standard Ba(OH)., was then 
transferred to an ice bath, and the reaction was allowed to proceed for an 
additional 3 minutes to insure quantitative distillation of CO... Titration 
of the excess of Ba(OH):2 permitted calculation of the CO: released. In 
experiments in which a measure of the free amino acid content was not 
required, Step 1 was carried out by boiling the mixture for 13 minutes in 
an open tube without collection of CO». 

Step 2. Destruction of Ninhydrin and Acid Hydrolysis—Hydrolysis of 
the reaction mixture in 6 N HC] at this stage, without prior destruction of 
residual ninhydrin, led to large losses of peptide-bound amino acids. It 
was found that continuous ether extraction of the mixture for 16 hours 
removed most of the unchanged ninhydrin, but still there were significant 
losses of peptide-bound amino acids during subsequent acid hydrolysis. 
In the procedure finally adopted, ninhydrin was destroyed by treatment 
with hydrogen peroxide (7). 

The reaction vessel was disconnected, and 3 ml. of boiling water were 
added to wash down material from the walls of the tube. 1 ml. of 30 
per cent HO. was added and allowed to react for 3 minutes in a boiling 
water bath with intermittent shaking. The contents of the tube were 
taken to dryness on a steam bath under a stream of nitrogen, and the last 
traces of H2O. were removed by heating the tube at 100° for 5 minutes 
under reduced pressure (20 to 30 mm. of Hg), since even traces of residual 
H.O. significantly reduced recoveries in Step 3. After removal of the 
H.O., the samples were hydrolyzed in 6 N HC] at 115—-120° for 16 to 18 
hours. Excess HCl was removed by repeated evaporation to dryness. 

Step 3. Determination of Amino Acids Released by Acid Hydrolysis— 
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In the titrimetric method, the hydrolyzed sample was taken up in 1 to 2 
ml. of HzO, 1 N NaOH was added to bring the pH to about 3, and the 
solution was treated as in Step 1. 

In the colorimetric method, the hydrolyzed sample was neutralized by 
the addition of 1 N NaOH and then boiled with 5 ml. of H.O to insure 
extraction of amino acids from the insoluble precipitate. The mixture 
was cooled in an ice bath, the precipitate was removed by filtration, and 
the tube was carefully rinsed, the rinsings being added to the filtrate. The 
filtrate was passed over a 0.9 cm. X 10 cm. column of Dowex 50-8X in 
the Ht form, and the column was washed with several column volumes of 
distilled water. Elution with 2 Nn NH,OH removed the amino acids from 
the column and gave eluates that were practically color-free. 3 drops of 
1 n NaOH were added to the eluate which was evaporated on a steam bath 
under a stream of nitrogen. The sample was then made up to a convenient 
volume, and the amino acid content was estimated by the colorimetric 
ninhydrin method of Cocking and Yemm (8). 

In the method for determining radioactivity in bound amino acids, the 
reaction procedure, limited to the detection of the radioactivity in car- 
boxyl groups removed by ninhydrin (ninhydrin-labile C“O,), was the 
same as the titrimetric one. BaC'QO; from the receiving vessel was trans- 
ferred to a centrifuge tube and washed twice with water and twice with 
alcohol before being plated and counted. The Robinson windowless gas 
flow counter (9) was used for radioassay, and observed counts were cor- 
rected to the 5 mg. point of a self-absorption curve prepared for this counter. 
When the amount of material liberated in Step 3 was expected to be very 
small and only total radioactivity rather than specific radioactivity was to 
be determined, unlabeled carrier amino acid was added. 


RESULTS AND DISCUSSION 


Stability of Simple Peptides—As shown in Table I, treatment with nin- 
hydrin in Step 1 released little CO, from the synthetic dipeptides and tri- 
peptides studied. Less than 1 per cent of the total carboxyl carbon was 
released from glycylleucine, leucylglycine, alanylalanine, and alanylgly- 
eylglycine. Van Slyke e¢ al. examined a number of other simple peptides 
and in no case did the release of CO, exceed 1 per cent (2). 

On the other hand, almost 10 per cent of the total carboxyl carbon of 
histidylhistidine was released as CO, in the standard 10 minute reaction 
time. Prolongation of the boiling to 30 minutes in Step 1 increased the 
yield of CO, to 17 per cent of the total carboxyl carbon. Since no free 
amino acid contaminants were detectable by paper chromatography of 
the sample used, it appears that this dipeptide is labile under the condi- 
tions of Step 1. 
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Since the free amino groups in peptides do react with ninhydrin at pH 5, 
as shown by the development of blue color, and since the decarboxylation 
reaction in Step 3 depends on the presence of a free a-amino group, the 
possibility that N-terminal residues might not survive Step 1 at pH 2.5 
had to be considered. 

As shown in Table I, in the case of glycylleucine, only about 50 per cent 
of the total carboxyl carbon was recovered in Step 3. No CQ: was re- 
leased in Step 1, but apparently the free amino group reacts at pH 2.5. 
These results are in accord with the findings of Cristol et al. (3) and of Sai- 
del (4). The present studies (Table I) suggest that at pH 2.5 the other 
peptides studied are not markedly altered by reaction with ninhydrin, 


TaBLeE I 
Reaction of Peptides with Ninhydrin at pH 2.5 


Yield of CO2, moles per mole COOH—C 
Peptide No. of determinations 
Step 1* Step 3f 
11 0.002 0.93 
| 10 0.006 0.89 
pL-Leu-gly-gly.................. | 2 1.03 
2 1.02 
4 0.09 0.59 


* Before acid hydrolysis. 
t After destruction of ninhydrin and acid hydrolysis. 


since in most cases 80 to 100 per cent of the carboxyl carbon was recov- 
ered in Step 3. The vigorous peroxide treatment used to destroy ninhy- 
drin in Step 2 may be a source of some of the losses observed. Since per- 
oxide is known to destroy free amino acids with the release of CO, (10), 
several peptides were tested directly with peroxide, but no CO: release was 
observed. Changes not involving the release of CO, have not been ruled 
out and may account for the low recoveries in some cases. With the ex- 
ception of glycine N-terminal peptides, the procedures used here for de- 
stroying free amino acids at pH 2.5 in Step 1 and for destroying ninhydrin 
and hydrolyzing peptides in Step 2 should lead to relatively small losses 
of peptide-bound amino acids. 

The effect of carrying out the initial ninhydrin reaction (Step 1) at pH 5 
on the recovery of carbon dioxide in Step 3 was examined. The data of 
Table II suggest that 1 amino acid residue is destroyed in the di- and tri- 
peptide tested when Step 1 is carried out at pH 5. Presumably the free 
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amino group reacts almost quantitatively with ninhydrin at this pH to 
yield the blue color complex. The nature of the modified peptide remain- 
ing is not known, but it may well be a “keto peptide” (pyruvoylphenyl- 
alanine in the case of alanylphenylalanine). Further evidence of the 
instability of these peptides at pH 5 is provided by the observation that 
there is significant CO» release from some peptides at this pH. Under the 
conditions for Step 1, on substituting buffer at pH 5 for buffer at pH 2.5, 
pL-alanyl-pL-phenylalanine released 9 per cent of the total carboxyl car- 
bon as CO.. pi-Alanyl-pL-alanine proved to be considerably more reac- 
tive, yielding 23 per cent of the total carboxyl carbon as CO. under the 
same conditions. The yields of CO. were somewhat higher when the 
SnCl,-containing colorimetric ninhydrin reagent of Moore and Stein (11) 
was used. pL-Alanyl-pL-alanine has been shown to give unusually high 


TaBLeE II 
Comparison of Reactivity of Peptides at pH 2.5 and 5.0 


Peptide pH of Step 1 
2.5 1.03 


* The results are averages of duplicate analyses. 


color yields with ninhydrin, up to 1.7 moles of leucine color equivalents 
per mole (12). This high color yield and the considerable CO, release 
found here strongly suggest that this dipeptide undergoes cleavage during 
reaction with ninhydrin at pH 5. The reaction of pi-alanylglycylglycine 
at pH 5 was also tested, but here no release of CO. was demonstrable. It 
would be of interest to explore the reactivity of other oligopeptides under 
similar conditions. Van Slyke et al. (2) noted that at pH 4.7 there was a 
slow, continuing release of CO, from a partial digest of casein, whereas at 
pH 1 or at pH 2.5 maximal release occurred in the same time needed for 
maximal reaction of free amino acids and then stopped completely. This 
continuing release of CO, was attributed to the further reaction of lysine, 
glutamic acid, and hydroxyglutamic acid in the digest. In view of the 
present results, it may be suggested that reactive oligopeptides in the 
digest contributed some of the additional CO, release observed. 
Completeness of Destruction of Free Amino Acids—The reaction of free 
amino acids with ninhydrin under the conditions of Step 1 is generally con- 
sidered to be ‘‘quantitative,’”’ and, in any ordinary sense, this is true. Over 
99 per cent of the carboxyl carbon is released as COs. However, a very 
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small, but none the less real, fraction of the material does not react. For 
example, Van Slyke et al. reported 99.6 per cent recoveries for the carboxy] 
carbon of alanine on boiling for 7 minutes (5). Although the small fraction 
of unchanged material is unimportant in determination of the free amino 
acids, it becomes a highly significant source of error when attempting to 
demonstrate peptides present at a level of only 1 or 2 per cent that of the 
free amino acids in # mixture. In tracer experiments, when the specific 
radioactivity of the free amino acids may be much higher than that of 
bound amino acids, the potential error becomes even greater. Experi- 
ments were carried out to determine the fraction of free amino acid which 


TaBLeE III 
Completeness of Destruction of pit-Alanine-1-C'4 


Per cent total ninhydrin-labile C'O2 


Experiment No. Recovery in Step 3, c.p.m. 
Step 1 
Total Corrected 
1 99.7 0.27 
99.7 0.25 
99.8 0.17 
2° 99.9 0.11 
99.8 0.19 
3 99.8 0.07 0.11 
99.8 0.08 0.16 


* The labeled sample was heated for 16 hours at 115° in 6 N HCl before Step 1. 


does not react in Step 1 and contributes to the COs, release measured in 
Step 3. 

As shown in Table III, 0.23 per cent of the radioactivity in a sample of 
DL-alanine-1-C" failed to be liberated in Step 1 but was liberated in Step 3. 
This could not be attributed to the presence of bound impurities in the 
starting material, since a similar result was obtained when the DL-alanine- 
1-C' sample had been previously subjected to 16 hours hydrolysis at 115° 
in 6 Nn HCl. Furthermore, the addition of unlabeled alanine after the 
first ninhydrin treatment, followed by a repetition of Step 1, released only 
a fraction of this radioactivity (0.07 to 0.08 per cent of the total). The 
explanation of these results is not clear. They suggest that during Step 1 
or during the peroxide treatment in Step 2 some of the free amino acid 
enters into complex formation and that this complex is only broken after 
the acid hydrolysis of Step 2. 

Evaluation of Method with Known Mixtures of C'4-Labeled Amino Acids 
and C"4-Labeled Proteins—Experiments were next carried out to evaluate 


| 
| SCS 


A. MARKOVITZ AND D. STEINBERG 291 


the method with known mixtures of C'4-labeled amino acid and C-labeled 
protein. ‘Table IV gives the results of such experiments. In the first set 
of experiments, the radioactivity of the peptide-bound ninhydrin-labile 
CO, represented about 1.0 per cent of the radioactivity of the free amino 
acid. Corrections for unchanged free amino acid were obtained by paral- 
lel analyses on samples of the pi-alanine-1-C". The Step 3 value is the 
average of four separate analyses. The rather large spread in results is 
presumably due to the variability in the small percentage of residual free 
amino acid just discussed. 

In the second set of experiments, the peptide-bound ninhydrin-labile 
radioactivity was about 4 per cent of the free amino acid radioactivity. 
At this level, the variability in completeness of reaction in Step 1 is less 


TABLE IV 
Analysis of Known Mixtures of Labeled Amino Acid and Labeled Protein 

Average A 
Mixture analyzed 

1. pu-Alanine-1-C' (12,900 e.p.m.) + C"-protein (120 

2. pt-Alanine-1-C™ (47,300 c.p.m.) + C**-protein (1770 


* Corrected by subtracting the average per cent residual counts per minute due 
to unchanged free amino acid determined in separate samples. 


important, and the experimental values, the average of five analyses, are 
in good agreement with theory. 

Evaluation of Method by Colorimetric Assay in Step 3—Mixtures con- 
taining 100 umoles of free amino acid and 5 umoles of peptide-bound amino 
acid were analyzed as described under “ Experimental.’”’ As shown in 
Table V, recoveries for the small fraction of peptide-bound material were 
better than 90 per cent. At this level of bound amino acid, the correction 
for free amino acid not reacting in Step 1 is a relatively small one. Even 
when the content of peptide-bound amino acid in the mixture was only 1 
umole (1 per cent of that of the free amino acid), recoveries exceeded 90 
per cent. Similar experiments were carried out with glycyl-L-leucine as 
the bound amino acid. The recoveries in Step 3 were much lower (37 per 
cent), as would be expected if the N-terminal glycine were destroyed in 
Step 1. 

Bound Amino Acids in Rat Liver—A 298 gm. rat was injected intra- 
venously with 100 ue. of pi-leucine-1-C™ (0.08 umole) and killed after 5 
minutes. ‘Tissues were rapidly removed and homogenized in ice-cold 5 
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per cent trichloroacetic acid (TCA). The insoluble residue was washed 
twice with cold 5 per cent TCA. The supernatant fluids were pooled, ex- 
tracted with ether, and dialyzed against distilled water. The dialysate 
(Fraction I) was concentrated and examined for bound labeled amino acids. 


TABLE V 
Colorimetric Determination in Step 3 of Net Amounts of Peptides in Mixtures 


Leucine color equivalents in Step 3 


Peptide-bound* amino acids 


Uncorrected | Corrected 
| 
umoles | umoles | pmoles 
None | 0.35 | 
5.00 | 4.86 | 4.51 
1.00 1.29 0.94 


* Equimolar mixture of pL-leu-gly, DL-ala-pL-ala, and pL-ala-gly-gly. 100 moles 
of pL-alanine were used in each experiment. 


TaBLe VI 
Bound Amino Acids in Rat Liver Fractions 


Total c.p.m. 
Step 1 Step 3t 
I 800, 000 3700 0.46 
II 920 770 46 
III 2,500 500 17 


The dry weight of the liver protein after the extraction was 2.07 gm. 

* Fraction I, dialysate of cold 5 per cent TCA supernatant fluid; Fraction II, 
Fraction I effluent obtained by passage through Dowex 50 (H*); Fraction III, dialy- 
sate of supernatant fluid obtained after heating TCA-insoluble residue for 15 min- 
utes at 95° with 5 per cent TCA. 

t Corrected by subtracting 0.19 per cent of the free amino acid counts per minute 
which is the average per cent residual counts per minute determined in independent 
experiments. 


As shown in Table VI, the bound C-labeled amino acid in this fraction 
represented less than 0.5 per cent of the total. This fraction includes, of 
course, the unmetabolized leucine-1-C" administered. An aliquot of Frac- 
tion I in water at neutral pH was passed over a column of Dowex 50 ion 
exchange resin in the H+ form, and the effluent (Fraction II) was exam- 
ined for free and bound amino acid radioactivity. Here almost one-half 
of the radioactive amino acid present was in the bound form. The radio- 
activity recovered in Step 1 may represent a minute fraction of free leucine- 
1-C™ not held back by the resin, or it may represent unstable amino acid 
complexes decomposed during Step 1. 


les 
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The residue insoluble in cold TCA was heated with 5 per cent TCA for 
15 minutes at 95° (13). After removal of TCA by ether extraction, the 
supernatant material was dialyzed against distilled water. The dialysate 
(Fraction III) was again found to contain both free and bound amino acid 
radioactivity, the latter representing 17 per cent of the total. 

The nature of the bound radioactive amino acids in these fractions is 
being explored, but their nature is not yet known. The fact that they 
persist in Step 3 shows that these compounds are reasonably stable at pH 
2.5 and 100°. Since only the ninhydrin-labile C'*O, was assayed and since 
the time elapsing between administration of the radioactive p.L-leucine- 
1-C4 and the death of the animal was very short, it is likely that pi-leucine- 
1-C" itself accounts for most of the bound labeled amino acid found. Pre- 
liminary results on Fraction III show that there are no significant amounts 
of radioactivity in bound amino acids other than leucine. On the other 
hand, the bound radioactivity represents only a very small fraction of the 
free amino acid radioactivity at this early time, and some conversion to 
other metabolites cannot be ruled out. 


SUMMARY 


1. A method permitting the detection of small amounts of peptides or 
other bound amino acids in the presence of large excesses of free amino 
acids is described. 

2. Some observations on the reactivity of peptides with ninhydrin under 
different conditions are presented. 

3. Preliminary results are reported, indicating the presence in rat liver 
of unidentified ‘‘bound”’ labeled leucine shortly after the injection of DL- 
leucine-1-C*, 
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The reaction of O-methylisourea with proteins (1) offers the possibility 
for a fairly specific conversion of the free amino group to the guanidino 
group. Although there is good agreement in studies from various labora- 
tories on the conversion of the e-amino group of lysine, differences are 
reported on the reaction of O-methylisourea with the a-amino groups of pro- 
teins. It is reasonable to expect that the a-amino groups in different pro- 
teins might exhibit different reactivities with the reagent. It is even rea- 
sonable to expect that the e-amino group of lysine may react differently in 
different proteins. Thus, all of the e-amino groups have been found to 
react in human serum albumin (1), bovine serum albumin (2, 3), and chymo- 
trypsinogen (4), but in this laboratory only 75 per cent of the e-amino 
groups of fibrinogen was found to react (5). The results reported on the 
a-amino group conversion differ for the same protein. Roche, Mourgue, 
and Baret (2) reported the absence of any guanidinated a-amino acids in 
the hydrolysates of guanidinated bovine serum albumin, casein, and oval- 
bumin as studied by paper chromatography. In this laboratory some 
a-amino groups were found to be guanidinated in the reaction of O-methy]l- 
isourea with bovine and human serum albumin (3). In the modification 
of chymotrypsinogen, Chervenka and Wilcox (4) concluded that the 
a-amino group was not guanidinated by O-methylisourea. 

In this paper we report on the reaction of O-methylisourea and insulin. 
Studies were made on the extent of modification of insulin by this reagent 
and on some of the properties of the modified protein. 


EXPERIMENTAL 
Materials 


Crystalline zinc insulin (lot No. 535664) was kindly furnished to us by | 
Dr. W. R. Kirtley, Eli Lilly Company, Indianapolis, Indiana. It had a 
biological activity of 27 units per mg. The zinc was not removed. 

* Part of the work here will be submitted by Roy L. Evans in a thesis in partial 


fulfilment of the requirements for the degree of Doctor of Philosophy in the Depart- 
ment of Biochemistry, George Washington University. 
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O-Methylisourea hydrochloride was synthesized from recrystallized cy- 
anamide! according to the procedure of Stieglitz and McKee (6) and was 
recrystallized from hot ethanol and thoroughly dried and stored at 0° 
before use. 

Guanidino-pi-phenylalanine was prepared from p.i-phenylalanine and 
O-methylisourea according to the general method of Kapfhammer and 
Miller (7) and was crystallized twice from water. 

pLt-Homoarginine sulfate was synthesized from the copper complex of 
pL-lysine by the method of Kurtz (8) and was obtained chromatograph- 
ically free from other substances which react with ninhydrin or the Saka- 
guchi reagent. 

Guanidinoacetic acid was purchased from the Nutritional Biochemicals 
Corporation, Cleveland, Ohio. 

N-2,4-Dinitrophenyl derivatives of amino acids were purchased from the 
Mann Research Laboratories, Inc., New York. 


Methods 


Preparation of Guanidinated Insulin?—To 1 gm. of zine insulin in 6.25 
ml. of water at 0° were added 2.6 ml. of an aqueous solution of 0.47 gm. 
of O-methylisourea hydrochloride which had been titrated to pH 10 with 
2.5 N NaOH at 0°. The reaction mixture was stored at 5° for 7 days, at 
which time the pH was adjusted to 7.5 and the solution was dialyzed against 
five changes of distilled water 1-2° over a period of 2 days. The protein 
precipitated during the dialysis. The suspension was lyophilized to a 
dry free-flowing powder and was further dried in vacuo over concentrated 
sulfuric acid and solid NaOH pellets. An alternative method of purifica- 
tion employed was isoelectric precipitation. The recoveries were 0.8 to 
0.85 gm. 

Ion Exchange Chromatography—The proteins were hydrolyzed in 6 N 
HC] in sealed tubes for 24 hours at 105°. For the amino acid analysis of 
the hydrolysate, a basic column (9) of Dowex 50-X12 (200 to 400 mesh) 
0.7 X 40 cm. in dimension was used. The temperature was maintained 
at 50° throughout the run. Development of the chromatogram was begun 
with citrate buffer, pH 5.0, 1 = 0.1, which contained the detergent BRIJ 35 
(10). Mixing chambers similar to those described by Parr (11) were in- 
stalled for the resolution of the amino acids by a concentration and pH 
gradient elution (12). Chambers of identical size were kept at identical 
horizontal levels. The mixing chamber was filled with 135 ml. of citrate 
buffer, pH 5.0, 1» = 0.1, and the reservoir with 135 ml. of 0.8 m trisodium 


1 We wish to extend our thanks to J. J. Carnes, American Cyanamid Company, 
Stamford, Connecticut, for his generous gift of the cyanamide used in these studies. 
2 We are indebted to A. L. Middleton for the initial preparation of this material. 
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citrate. The rate of flow of the effluent was 6 ml. per hour and the fraction 
size was 0.8 to 1.2 ml. The progress of the chromatogram was checked by 
removing 0.1 to 0.5 ml. portions of each fraction and applying the modified 
ninhydrin method of Moore and Stein (13). Portions of 0.5 ml. of each 
fraction were also analyzed for substituted guanidines by applying the 
acetyl-benzoyl test.2- A modification of the Pauly reagent (14) was used 
in order to determine the position of histidine. 

Paper Chromatography—Two-dimensional paper chromatograms of the 
hydrolysate of the guanidinated insulin were obtained by use of tert-amyl 
alcohol-2 ,4-lutidine (1:1) saturated with water as the first solvent and 
tert-butyl alcohol-formic acid-water (70:15:15) as the second solvent ac- 
cording to the method of Irreverre and Martin (15). After evaporation 
of the organic solvent, the paper was sprayed on one side with a sensitive 
modified Sakaguchi reagent’ and the position of the guanidino components 
was encircled. The chromatogram was then dipped in an acidic ninhydrin 
solution and the ninhydrin color developed by drying the paper in the 
hood at room temperature. 

Reaction with 1-Fluoro-2 , 4-dinitrobenzene—Guanidinated and native in- 
sulin were dinitrophenylated by the method of Sanger (16). This was 
followed by the isolation of the insoluble DNP protein by the usual pro- 
cedure of washing with water, ethanol, and ether. The well dried DNP 
protein (40 mg.) was hydrolyzed by refluxing with constant-boiling HCl 
for 6 hours and then extracted with ether. Estimation of the ether-ex- 
tractable DNP derivatives was carried out by chromatography on paper 
with use of the organic layer from equal volumes of +1 per cent acetic acid 
and benzene as the solvent (17), followed by eluting the spots with 1 per 
cent NaHCO; and reading the color at 360 mu. Standard DNP amino 
acids were used as controls. | 

Solubility—Measurements of solubility were carried out in the following 
manner. To 1.0 ml. samples of 0.85 to 0.95 per cent protein was added 
1.0 ml. of buffer in a solution of sodium chloride of such a concentration as 
to give a final ionic strength of 0.2, half of the ionic strength being provided 
by NaCl. The mixtures were allowed to stand at 24-25° for 24 hours. 
After centrifugation, the optical density at 277 mu of the supernatant solu- 
tions was determined. The concentration measurements are based on the 
value of the extinction coefficient of 11.3 at the maximum of the 280 mu 
absorption band as reported by Ellenbogen (18). 

Sedimentation Analysis—Sedimentation experiments! were carried out 
in the Spinco model E analytical ultracentrifuge. The centrifugal field 


3 Irreverre, F., and Kominz, D. R., manuscript in preparation. 
‘We are indebted to E. Mitchell for the operation of the ultracentrifuge in these 


analyses. 
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was approximately 261,000  g, the temperature 23-27°. Correction was 
made for the adiabetic cooling effect of the rotor as proposed by Biancheria 
and Kegeles (19). The revised value reported by Ellenbogen for the par- 
tial specific volume (v = 0.707) of insulin was used (18). Concentrations 
of protein were 10 mg. per ml.; sedimentation constants were corrected to 
20° in a medium with the viscosity of water (20). 


Results 


e-Amino Group—Analysis of the guanidinated insulin revealed that all 
of the e-amino group of the single lysine (per 6000 molecular weight) was 
modified. The elution curve obtained from a 24 hour hydrolysate of 
guanidinated insulin is presented in Fig. 1, as well as control analysis on 
hydrolyzed native insulin containing a synthetic mixture of guanidino- 
acetic acid, guanidinophenylalanine, and homoarginine admixed before 
and after the hydrolysis of the protein. Lysine could not be detected either 
by ion exchange chromatography or by paper chromatography of the 
hydrolysate of guanidinated insulin. Homoarginine was present in the 
amount of 90 to 100 per cent of the expected value in the ion exchange 
analysis and its presence is demonstrated in the paper chromatogram 
(Fig. 2). 

a-Amino Group of Glycine—The guanidino component emerging with 
the neutral amino acids on Dowex 50 (Fig. 1) proved to be guanidinoacetic 
acid. As determined by the acetylbenzoy] reagent, the yields were of the 
order of 17 to 25 per cent of the theoretical. However, when 1 mole of 
synthetic guanidinoacetic acid per 6000 was hydrolyzed together with 
native insulin, the recovery from the ion exchange column was 36 per cent 
(Fig. 1, B). Guanidinoacetic acid was also present in the paper chro- 
matogram of the hydrolysate of guanidinated insulin (Fig. 2). It appears 
from these data that the a-amino group of glycine reacts, but that about 
0.5 mole per 6000 is converted to guanidinoacetic acid. Additional sup- 
port is found in the analysis of the hydrolysates of the dinitropheny] deriva- 
tive of insulin and the guanidinated insulin. Separation of the N-dinitro- 
phenylglycine from the guanidinated insulin gave 60 to 62 per cent of that 
found from the native insulin, indicating that about 0.5 mole (per 6000) 
of the a-amino group of glycine was guanidinated before the treatment 
with 1-fluoro-2 ,4-dinitrobenzene. 

a-Amino Group of Phenylalanine—No evidence of guanidinopheny]- 
alanine itself could be found either in the ion exchange chromatography or 
paper chromatography of the hydrolysates of guanidinated insulin. In 
the quantitative comparison of the DNP phenylalanine recovered from 
the native and guanidinated insulin modified with 2,4-dinitrofluoroben- 
zene, it was found that guanidinated insulin yielded an amount of DNP 
phenylalanine 78 to 97 per cent of that given by the native insulin. These 
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data indicate that, if any reaction occurred, only about 10 per cent of the 
a-amino group of phenylalanine (per 6000) is attacked by O-methylisourea. 
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Fig. 1. Elution curves from 0.7 X 40 cm. Dowex 50-X12. A, hydrolysates of 
50.7 mg. of guanidinated insulin; B, hydrolysis mixture of 4 uwmoles each of guani- 
dinophenylalanine, guanidinoacetic acid, homoarginine, and 24.9 mg. of zinc insulin; 
and C, 4 umoles each of guanidinophenylalanine, guanidinoacetic acid, and homo- 
arginine added to the hydrolysate of 24.5 mg. of zinc insulin. 
. Unknown Component—A new component, emerging with histidine from 
. the column and giving an acetylbenzoyl color reaction, was detected in 
: small amounts (Fig. 1). This substance also traveled with histidine in 
the two-dimensional chromatogram (Fig. 2) and gave the typical color 
reaction with the Sakaguchi spray reagent. This component was also 
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produced when 1 mole each of guanidinophenylalanine, guanidinoacetic 
acid, and homoarginine was added to the native insulin and hydrolyzed in 


a sealed tube (Fig. 1). 
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Fic. 2. A tracing of a composite, two-dimensional paper chromatogram of the 
hydrolysate of guanidinated insulin: /, cysteine; 2, arginine; 3, homoarginine; 4, 
aspartic acid; 5, glutamic acid; 6, cysteic acid; 7, histidine; 8, unknown; 9, serine; 
10, glycine; 1/1, threonine; /2, guanidinoacetie acid; 13, alanine; 14, proline; 15, valine; 
16, tyrosine; 17, phenylalanine; 18, isoleucine; and 19, leucine. The stippled spots 
represent the components giving a positive Sakaguchi color reaction. The other 
spots represent amino acids giving a ninhydrin color. 

Fic. 3. effect of pH on the solubility of guanidinated and native insulin; » = " 2 
0.2, T = 24-25°. @, crystalline zine insulin; O, guanidinated insulin. We 


Biological Activity —One series of insulin activity determinations was 4 
carried out by Dr. E. Anderson, Laboratory of Nutrition and Endocrinol- 
ogy, National Institutes of Health. In this series, a microassay in vivo 
(21) was performed on alloxan-diabetic hypophysectomized mice. No 
significant difference (at a probability level of 0.01)° was found in com- 


5 We are indebted to J. Cornfield, Biometry Branch, National Institutes of Health, 
for his assistance in evaluating the blood sugar data in the activity tests. ! 
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paring the hypoglycemic activities of the native and guanidinated insulins. 
Another test was carried out by Dr. James Field, Clinical Endocrinology 


TABLE | 
Sedimentation Data for Native and Modified Insulin 


Protein con 10% 
centration, 
Electrolyte pi gm. per 100 
mil. Native Guanidinated 
jsodium phosphate, = 0.1 7.75 3.18 3.46 
sodium chloride, = 0.5 
sodium chloride, = 0.2 1.92 2 S6 


hic. 4. Crystals of guanidinated insulin (1SO0X ) 


Branch, National Institutes of Health, who measured (22) the increment 
in glycogen deposition in the rat hemidiaphragm in response to insulin. 
This technique demonstrated qualitatively a similar activity for both the 
native and guanidinated insulins. 
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Solubility ‘The solubility of insulin upon modification was decreased 
slightly over the range of pH 3.5 to 7.5 in 0.1 M NaCl plus «7 = 0.1 buffer. 
The effect of pH on the solubility as compared to the native insulin is 
presented in Fig. 3. This effect is small compared to the change in the 
solubility observed when serum albumin is guanidinated, for with this case 
the solubilitv ratio of modified albumin to native albumin is well over 
1,200 (1). 

Sedimentation Analysis Cuanidinated insulin sedimented in single 
symmetrical boundary similar to that of the native insulin. The caleu- 
lated soy. Values for the modified and native insulin under two different 
buffer systems are presented in Table 1. The sedimentation values for 
native zine insulin found in this work differ somewhat from the data of 
Oneley and Ellenbogen (23). These differences are probably a function of 
different insulin samples. 

Crystallization of Guanidinated Insulin --A solution containing per 
cent of the modified protein in 0.2 mM NaCl, pH 1.92, was set aside in a 
refrigerator at 5°. After 2 to 3 weeks the protein had deposited in well 
defined erystals (Fig. 4). Concentration measurements performed on the 
supernatant solution indicated that approximately 90 per cent of protem 
had crystallized from the solution. The crystals were found to be biolog- 
ically active in the determination made by Field and Stetten (22). 


DISCUSSION 


The failure of O-methylisourea to react, under the conditions used, with 
the terminal amino group of phenylalanine and 0.5 mole per 6000 gm. of 
the terminal amino group of glycine is probably a tunction of structure. 
Very tentatively, we can speculate on a structure producing the masking 
effects found. The molecular weight of the insulin derivative, as deduced 
from sedimentation data (assuming only small changes in frictional coeffi- 
cient), is increased by only about 10 per cent, probably because of a shift 
in the aggregation equilibrium. It can thus be assumed that the modifi- 
cation reaction leaves the state of aggregation of the insulin essentially un- 
disturbed and that in the aggregated state 1 mole of a-NH: of phenylala- 
nine per 6000 gm. and 0.5 mole of a-NHe. of glycine per 6000 gm. are 
masked. 

A dimer® (Fig. 5) formed from the monomer (molecular weight = 6000) 


§ Fredericg (24, 25) reported that insulin has a molecular weight of 7500 to SOOO at 
pH 10 in solutions with insulin concentrations of 0.1 to 0.2 per cent. Whereas insulin 
appears to be mainly in the monomeric (molecular weight = 6000) form under these 
conditions, the concentration dependence of the molecular weight of insulin does 
not make it unlikely that the protein exists in the form of a dimer at the conditions 
of guanidination under which the pH was 10 and the concentration of protein was 
about 10 per cent. 
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shown would satisfy the requirements for masking the | mole of phenyl- 
alanine and 0.5 of glycine. However, since the monomer, dimer, trimer, 
and tetramer must be considered to be in equilibrium, some restrictions 
must be placed on such a picture; otherwise all of the phenylalanine and 
all of the glycine would react. 

The restrictions required are: (1) the equilibrium is such that very little 
of the monomer is present in solution; (2) a guanidinated a-amino group 
cannot occupy a masked position; and (3) both a-amino groups are masked 
in the trimer and tetramer. 


/ \ 
Gy) 
\ [PH E} 
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PHE! / 
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Fic. 5. Schematic diagram of the proposed monomer and dimer of the insulin 
molecule that is considered to satisfy the requirements for the masking of 1 mole of 
phenvlalanine and 0.5 mole of glycine. 


SUMMARY 


A erystalline insulin derivative was prepared by guanidination with 
O-methylisourea. 

The extent of modification of insulin in the reaction with O-methyliso- 
urea was studied. Evidence is presented that, under the experimental 
conditions used, approximately half of the a-amino group of glycine per 
6000 gm. is converted to the guanidino group, whereas only LO per cent or 
less of the a-amino group of phenylalanine reacts. Lysine is converted 
quantitatively to homoarginine. This extent of guanidination of insulin 
did not affect its hypoglycemic activity. 

The sedimentation values and solubility properties found tor the insulin 
derivative were changed only slightly from those of the native zine insulin. 
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THE ADDITION OF SULFHYDRYL COMPOUNDS 
TO DIPHOSPHOPYRIDINE NUCLEOTIDE 
AND ITS ANALOGUES* 
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(From the McCollum-Pratt Institute, The Johns Hopkins 
University, Baltimore, Maryland) 
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A number of reagents are known which react chemically with DPNJ 
These include alkali (1), cyanide ions (2, 3), bisulfite ions (2, 3), dihy- 
droxyacetone (4), dithionite ions (5), and hydroxylamine (6). 

All these reagents are nucleophilic agents, which react on a positive 
center. It is generally assumed that these reactions involve the addition 
of the nucleophilic agent to the position of the nicotinamide moiety at 
which the oxidation-reduction transformation is localized, 7.e. the para 
position (7). Addition at the para position has recently been shown for 
cyanide (8) and dithionite (5). 

The present paper will report a new addition reaction of this type: 
the reaction of sulfhydryl groups with DPN. The over-all reaction can 


be described as 
DPN*t + R—SH DPN—S—R + 
Materials and Methods 


All sulfhydryl compounds were commercial preparations. Reduced 
glutathione and cysteine were obtained from the Schwarz Laboratories, 
Inc., ergothioneine hydrochloride from the Mann Biochemical Corporation, 
phenylethyl mercaptan from the Olin Mathieson Chemical Corporation, 
octyl and decyl mercaptans from the Aldrich Chemical Company, and all 
other mercaptans from the Eastman Kodak Company. 


* Contribution No. 187 of the McCollum-Pratt Institute. Supported in part by 
grants from the American Cancer Society, as recommended by the Committee on 
Growth of the National Research Council, and the National Institutes of Health 
(grant No. 2374(C)). 

+t Present address, Department of Biochemistry, Vanderbilt University School of 
Medicine, Nashville, Tennessee. 

t Present address, Graduate Department of Biochemistry, Brandeis University, 


Waltham, Massachusetts. 
1 The abbreviations used in this paper are as follows: DPN and DPNH, oxidized 


and reduced diphosphopyridine nucleotide, respectively; TPN and TPNH, oxidized 
and reduced triphosphopyridine nucleotide, respectively; acetylpyridine-DPN, pyr- 
idine aldehyde-DPN, and ethyl nicotinate-DPN, the analogues of DPN of acetyl- 
pyridine, pyridine-3-aldehyde, and ethy] nicotinate, respectively. 
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DPN and TPN were obtained from the Pabst Laboratories. The 
analogues of DPN were prepared from DPN by the action of pig brain 
DPNase in the presence of the appropriate pyridine derivatives, as de- 
scribed for the isonicotinic acid hydrazide (9, 10) and acetylpyridine (10, 
11) analogues of DPN. The deaminated analogues were prepared from 
the corresponding adenine-containing analogues as described for deamino- 
DPN (12). The @ isomer of DPN was obtained as described previously 
(10, 13). The mononucleotides of the pyridine bases were obtained by 
the action of snake venom pyrophosphatase on the appropriate dinucleotide 
(10). The riboside was obtained from the mononucleotide by the action of 
prostate phosphatase (10). The methylated pyridine derivatives were 
obtained from the free bases by the reaction with methyl] iodide in the 
standard manner.” 

Concentrations of the DPN and its analogues were determined with 
yeast alcohol dehydrogenase whenever the coenzyme could serve as a 
hydrogen acceptor. In all other instances the cyanide addition reaction 
was employed (3). | 

When necessary, the solutions of the mercaptans were adjusted to 
the pH required for the particular experiment. 


Results 


Effect of Sodium Sulfide on DPN and DPN Analogues—The simplest 
sulfhydryl derivative showing a reaction with DPN or DPN analogues is 
sodium sulfide. The reaction is characterized by an increase in absorption 
in the region 320 to 350 my, when the coenzyme is added to a solution of 
sodium sulfide. The actual absorption maxima for DPN and for two of 
the DPN analogues are given in Table I. Even in molar sodium sulfide 
the reaction is not instantaneous, as shown in Fig. 1. Both the extent and 
rate of addition are more favorable with the acetylpyridine analogue than 
with DPN. The pyridine aldehyde analogue is also more favorable in 
its reaction with SH compounds when compared to DPN. 

The extreme alkalinity of the sodium sulfide solution has a marked 
destructive effect on DPN (1, 14). Thus the equilibrium is never reached, 
and the absorption of the complex disappears again in time (Fig. 1). 
However, under these conditions the addition with the acetylpyridine-DPN 
proceeds virtually to completion. The addition complex shows a stability 
to alkali similar to that of reduced pyridine nucleotides. Solutions of 
less alkalinity still show the measurable rate of addition. This high 
alkalinity required for the reaction between DPN and sulfide and the 
consequent destruction of the coenzyme are probably the explanation why 
Tereyama and Vestling failed to observe the non-enzymatic DPN-sulfide 
reaction (15). 


2 We are grateful to Mr. M. R. Lamborg for supplying these compounds to us. 
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Effect of Mercaptans—As with sulfide, similar increases in absorption 
are observed when a mercaptan is added to a solution of DPN or its 
analogues. The rate of reaction, even at low concentrations of mercaptan 
or coenzyme, is extremely rapid. Hence the observed spectral changes 
reflect essentially the equilibrium point. The acetylpyridine and pyridine 
aldehyde-DPN again show a greater extent of reaction than does DPN. 
For this reason most data pertain to either one of these analogues. The 
limited water solubility of most mercaptans often did not allow DPN- 


2.0 -DPN 
— 
AcETY! 
= 
x< 
< 
= 
0.5 DPN 
fe) | | 
5 10 15 


TIME (MINUTES) 


Fic. 1. The reaction of DPN and acetylpyridine-DPN with sodium sulfide. 500 
7 of pyridine nucleotide were added to 3.0 ml. of 1 M sodium sulfide. The extinction 
changes were followed for DPN at 335 mu and for acetylpyridine-DPN at 340 mu. 


mercaptan complex to appear in sufficiently high concentrations to obtain 
accurate measurements. 

The increase in absorption is proportional to the concentration of the 
pyridine nucleotide, the mercaptan, and the hydrogen ion. Figs. 2 and 
3 illustrate these points for the case of pyridine aldehyde-DPN and ethyl 
mercaptan. Even though the curve in Fig. 3 resembles strongly a titra- 
tion curve, the extent of the reaction does not coincide with the concentra- 
tion of ethyl mercaptide ion at the given pH values. The pK of ethyl 
mercaptan was determined by electrometric titration, and it was found to 
be 6.6.3 It is possible, however, that the curve represents the dissociation 
of the para position of the pyridine ring. 

3 This value is different from the value of 10.0, as estimated by Calvin (16). This 
author determined the pK of mercaptoethanol at 9.5. However, the pK, of sulfide 


is given as7.0. Since sulfide addition shows a pH dependence similar to that of ethyl 
mercaptan addition, again the concentration of HS~ ion cannot be responsible for the 


shape of the pH curve. 
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Fic. 2. A, the effect of pyridine nucleotide concentration. Ethyl mercaptan 
0.045 mM, in 0.1 Mm phosphate buffer, pH 10.2; total volume, 3 ml. The nucleotide used 
was pyridine aldehyde-DDPN. The increase in optical density was determined from 
the difference between a blank cuvette containing only the nucleotide in buffer and 
an experimental cuvette containing all three components. 8B, the effect of mercaptan 
concentration. Pyridine aldehyde-DPN 0.26 X 10-* M, in 0.1 M phosphate buffer, 
pH 9.3. The experiment was performed as described in A. 


0.5F 


OE345 
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700 80 9.0 10.0 I10 
pH 
Fic. 3. The effect of hydrogen ion concentration. Ethyl mercaptan 0.045 M, 
pyridine aldehyde-DPN 0.26 X 10-* M, in 0.1 M phosphate buffer of the pH indicated; 
total volume, 3 ml. All values are corrected for the reading of pyridine aldehyde- 
DPN in buffer alone. 


Specificity of Reaction—All sulfhydryl compounds tested to date will 
yield this addition reaction, regardless of the structure of the mercaptan. 
Also those DPN analogues which add cyanide will yield the addition 
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complex. Positive results were obtained with DPN, TPN, acetylpyridine- 
DPN, pyridine aldehyde-DPN, ethyl nicotinate-DPN, and the a isomer 
of DPN. The deaminated derivatives of DPN, acetylpyridine-DPN, and 


TABLE 
Absorption Maxima for Pyridine Nucleotide-Mercaptan Addition Complexes 
The maxima were estimated from difference spectra between the coenzyme and 
the coenzyme mixed with mercaptan. The spectra were corrected for any self- 
absorption the mercaptan had in the region examined. All reaction mixtures, with 
the exception of those which contained the ergothioneine, were examined at pH 10.2, 
phosphate buffer, 0.1 m. 


Pyridine nucleotide-mercaptan absorption maximum 
Mercaptan 
DPN Acetylpyridine-DPN| Pyridine aldehyde- 

my mu my 
335 350 350 
a-Toluenethiol.................... 355 350 
Mercaptosuccinic acid............. 330 350 350 
Mercaptoacetic acid............... 330 350 345 
2,3-Dithiopropanolf............... 330 355 355 
Ergothioneinef.................... § § 360 


* The sulfhydryl compound is too insoluble in water to allow a measure of the 
maximum. 

t British antilewisite (BAL). 

t Maximum obtained in methanol as solvent. 

§ The pyridine nucleotide is too insoluble in methanol to allow an estimate of the 
absorption maximum. 


pyridine aldehyde-DPN will also react. In some cases the reaction did 
not reach completion, owing to the limited water solubility of the mer- 
captans, but spectral evidence for addition is always obtainable. In 
other cases the mercaptan is alkali-labile, and therefore the reaction cannot 
be executed practically in an aqueous medium. For this reason the 
spectrum of ergothioneine-pyridine aldehyde-DPN was observed with 
methanol as a solvent. It has been shown previously for the N!-methyl- 
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pyridinium compounds, when the cyanide addition reaction is studied, 
that the addition is favored by a solvent of low dielectric constant (17). 

In Table I, which illustrates the scope of the reaction, the absorption 
maxima of the addition complexes are reported for DPN and two analogues 
of DPN. As mentioned above, the deaminated analogues show the same 
maxima as the parent nucleotides. A typical spectrum is illustrated in 
Fig. 4 with acetylpyridine-DPN and mercaptosuccinic acid. 

Requirement for Quaternary Nitrogen—Not only the intact coenzymes 
will give the addition reaction with mercaptans, but also all derivatives 
which contain a quaternary nitrogen in the pyridine ring. Thus, apart 


0.7 


0.6F 


EXTINCTION 


300 350 400 
WAVELENGTH 


Fic. 4. The spectrum of the acetylpyridine-mercaptosuccinic acid complex. The 
spectrum was taken as a difference spectrum. The experimental cuvette contained 
mercaptosuccinic acid 0.017 M, acetylpyridine-DPN 0.8 X 107° M, in 0.1 M phosphate 
buffer, pH 10.2. The blank cuvette contained no mercaptosuccinic acid. 


from DPN and TPN, nicotinamide mononucleotide, nicotinamide riboside, 
and N'-methylnicotinamide show spectral evidence for an addition com- 
plex. However, nicotinamide itself fails to show any complex, even at 
very high concentrations of the base. The same holds true for the acety]- 
pyridine series. All acetylpyridine derivatives tested which contain a 
quaternary nitrogen show the addition reaction, while free acetylpyridine 
does not. These points are illustrated in Table II. It is of interest that 
the complexes of the N'!-methyl derivatives have their absorption maxima 
about 10 my towards longer wave lengths when compared to the ribosides. 
This is similar to their behavior in the cyanide addition reaction (3). 
Furthermore, the N'!-methyl derivatives appear to have a much lower 
tendency to form complexes, as compared to the dinucleotide. 
Equilibrium Constants for Reaction—If (C) represents the concentration 
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TABLE II 
Comparison of Mercaptan Addition Reaction of Different 
Derivatives of Nicotinamide and Acetylpyridine 
All spectra were observed in 0.1 m phosphate buffer, pH 11.0. Ethyl mercaptan 
was used in a final concentration of 0.045 mM. 2.8 wmoles of the derivatives in the 
nicotinamide series were added; 0.6 wmole was added in the acetylpyridine series. 
The final volume was 3.0 ml. 


Nicotinamide Acetylpyridine 
Derivative 

AEmax Amax 4Emax Amax 
mu mu 
Diphosphodinucleotide..................... 0.225 330 0.795 350 
Triphosphodinucleotide.................... 0.102 330 0.631 350 
Mononucleotide....................2000005. 0.210 330 0.647 350 
N'-Methy] derivative...................... 0.040 340 0.020 360 


TaBLeE III 
Equilibrium Constants for Pyridine Aldehyde-DPN-Mercaptan Complex Formation 


Pyridine aldehyde-DPN and mercaptan were mixed in 0.1 mM phosphate buffer; 
the mercaptan concentration was assumed to be constant. The complex was esti- 
mated by the increase in optical density at the appropriate maximum by using a 
molar extinction coefficient of 7.0 X 10%. By subtraction of the concentration of 
the complex, the concentration of free pyridine aldehyde-DPN could be determined. 
The constants are expressed as K = ((pyridine aldehyde-DPN-SR)(H*))/((pyri- 
dine aldehyde-DPN)(R-SH)) and are uncorrected for activity. 


Mercaptan Equilibrium constant* 
1.6 X 10-9 (40.63 X 107°) 
2.4 10-9 (40.48 X 107°) 
Mercaptosuccinic acid............... 1.2 KX 10-9 (+0.20 X 107%) 
2.0 X 10719 (+0.68 X 107!°) 


* The values in parentheses represent the standard deviation. 


t The purity of propanethiol was doubtful. 


of a pyridine nucleotide, (SH) the concentration of a mercaptan, and (C-S) 
the concentration of the complex formed, the apparent equilibrium constant 


of the reaction is given by 
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Some variation in the determination of equilibrium constants was 
encountered, since the autoxidation of the mercaptans introduced a serious 
uncertainty in the concentration of these substances. Representative 
equilibrium constants for pyridine aldehyde-DPN and mercaptans are 
given in Table III. In all cases the equilibrium constants for DPN and 
acetylpyridine-DPN, when obtainable, were in the order of 10-? and 107 
times the constant for pyridine aldehyde-DPN, respectively. For example 
the constants for the ethyl mercaptan complexes were as follows: DPN, 
2.4 + 0.48 X 10~"; acetylpyridine-DPN, 4.5 + 0.53 10~!°; and pyridine 
aldehyde-DPN, 1.0 + 0.60 * 10-°. This is in line with the equilibrium 
constants for the cyanide addition reaction (11) and the oxidation-reduc- 
tion potentials (11, 18) of the analogues. 

It is of interest to note that the equilibrium constants of the n-alkyl 
mercaptans follow the same series (with the exception of n-propyl mer- 
captan) as the activity of the corresponding alcohols as substrates for 
yeast alcohol dehydrogenase (19). Both effects are likely to be a reflection 
of the decreased nucleophilic character of the compounds, which arises 
from the increased length of the carbon chain, 


DISCUSSION 


The ubiquitous nature of sulfhydryl compounds in biological systems 
makes these addition reactions of particular interest. A second point of 
interest arises from the fact that the mercaptans can be regarded in es- 
sence as alcohol analogues. 

The possibility that the addition complexes at the para position of DPN 
are intermediate in the oxidation of alcohols has been discussed extensively 
by Burton and Kaplan (4). Further treatment of this theory is presented 
in other publications. The implication can be drawn, however, from the 
generality of the addition reaction that not only aleohol dehydrogenase 
proceeds via such a mechanism, but also all dehydrogenases of the follow- 


ing type: 
R, R, 
H—C—OH + DPN = C=O + DPNH + Ht 


R, R, 
In this class are alcohol dehydrogenases (R,; = CH;—, Re = —H), lactic 
dehydrogenases (R; = CH;—, Re = —CO.H), malic dehydrogenase, 


polyol dehydrogenases, etc. If the alcohol, indeed, adds to the para 
position of the coenzyme, the corresponding mereaptan would be expected 


4A preliminary report has appeared (20). Further treatment of this theory will 
be forthcoming (J. van Kys, A. San Pietro, and N. O. Kaplan, in preparation). 
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to be a strong inhibitor of the oxidation of the alcohol. This is similar to the 
hydroxylamine effect on yeast and liver alcohol dehydrogenase (21, 22), 
the sulfide effect on rat liver lactic dehydrogenase (15), and the sulfite 
effect on heart muscle lactic dehydrogenase (23). Preliminary data 
confirming this postulate have been presented (24). 

It is also of interest to consider a second group of enzymes, which are 
pyridine nucleotide-dependent. The reaction of this group of enzymes 
can be represented as follows: 


R—S—S—R + DPNH or TPNH + H* — 2RSH + DPN? or TPN*t 


From the results described in this paper one might postulate the following 
mechanism: 


R—S—S—R + TPNH + H*+ — R—S—TPN + Ht + R—SH — 2R—SH + TPNt 


In this scheme the coenzyme-thiol complex is intermediary in the re- 
duction of disulfides. In this class of enzymes fall TPNH-glutathione 
reductase (25) and lipoic acid oxidase (26). 

Racker and Krimsky have postulated a DPN-glutathione complex as 
an intermediate in the reaction of triosephosphate dehydrogenase (27). 
This postulation gains some support from the actual existence of the 
DPN-glutathione complex non-enzymatically described in the present work. 

The SH addition reaction is assumed to be in the para position of the 
pyridine moiety of the coenzyme. This is based on the evidence that 
the absorption characteristics are very close to those of the previously 
reported addition complexes. For two of these complexes, namely the 
cyanide addition (8) and the dithionite addition (5), the reaction has 
been shown to take place at the para position. It has been postulated 
that these reactions are not necessarily actual addition reactions but 
rather ‘charge-transfer’? complexes (28, 29). However, these addition 
complexes can be isolated and treated like chemical compounds. For 
example, the dihydroxyacetone complex has been obtained and could be 
oxidized by ferricyanide to an oxidized analogue of DPN (30). This 
behavior would not be expected from the labile junction of dihydroxy- 
acetone and DPN as would result from a ‘charge-transfer’? complex. 
Recently Marti et al. (31) have actually isolated in crystalline form the 
cyanide addition product of N'-methylnicotinamide. This crystalline 
complex still had the properties of the addition complex as observed in 
solution. 


SUMMARY 


The reaction between sulfhydryl] compounds and pyridine nucleotides 
has been described. Products are obtained which have absorption maxima 
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in the region obtained for the complexes formed by previously described 
addition reactions. 


The implications of the findings with regard to the mechanism of pyridine 


nucleotide-dependent enzymes are discussed. 
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Previous studies (1, 2) have shown that after the ingestion of caffeine 
or theophylline by man there was an increased urinary excretion of material 
which gave a blue color with the alkaline arsenophosphotungstate rea- 
gents used in the determination of uric acid. Myers and Wardell (3) 
and Buchanan, Christman, and Block (1) presented evidence that this extra 
color was caused by methyluric acids rather than by an increase in true 
uric acid excretion. When similar amounts of theobromine were taken, 
there was no increase in the excretion of chromogenic material. 

Subsequent work (2) demonstrated the presence of 1-methyl and 1,3- 
dimethylurie acids in urine after the administration of caffeine and theo- 
phylline. The excretion of 7-methylxanthine, 1-methylxanthine, ‘and 
1,7-dimethylxanthine after the ingestion of caffeine has recently been 
reported by Weissmann ef al. (4). 

The present investigation concerns the identification and quantitative 
determination of the methyluric acids and methylxanthines excreted in the 
urine of man after the ingestion of theobromine, theophylline, and caf- 
feine. 65 to 75 per cent of 1 gm. oral doses of these compounds were 
accounted for in the urine as methyluric acids or methylxanthines. 


EXPERIMENTAL 


Two individuals were placed on a diet free from coffee, tea, and cocoa. 
24 hour control urine samples were collected, weakly acidified, and pre- 
served by freezing. A 1 gm. sample of theobromine, theophylline, or 
caffeine was taken over a 4 hour period as two 500 mg. doses. Subsequent 
24 hour urine samples were collected over a 3 day period and kept frozen 
until analyzed. 

Chromatography—5 ml. aliquots of the urine samples were passed through 
a Dowex 2 anion exchange resin column which had been equilibrated with 
0.1 N HCl. Washing the column with water removed the methylxanthines 
which are not strongly absorbed under these conditions. Uric acid and 


* This material was taken in part from a thesis submitted to the Horace H. Rack- 
ham School of Graduate Studies, University of Michigan, by Herbert H. Cornish in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy (1956). 
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methyluric acids were retained on this column and subsequently eluted 
with 0.01 nN HCl. This fraction will be referred to subsequently as the 
uric acid fraction. 

Both the water washings (methylxanthine fraction) and the 0.01 Nn HCl 
eluate (uric acid fraction) were evaporated to dryness, dissolved in a min- 
imal volume of weak alkali, and each was chromatographed on Whatman 
No. 1 filter paper by the ascending technique (solvent: n-butanol, water, 
acetic acid in a 4:1:1 ratio by volume). Known samples of the various 
methylxanthines and methyluric acids were chromatographed simultane- 
ously to determine the R, values for these compounds. After chromatog- 
raphy it was possible to render the methylxanthines and methyluric acids 
visible under ultraviolet light (5). | 

The strips containing these compounds were eluted with 10 ml. of 0.1 ‘ 
HCl in the manner described by Dent (6). The ultraviolet absorption 
spectrum of each eluate was determined in acid (0.1 N HCl) and alkaline 
(0.05 nN NaOH) solution by means of a Beckman model DU spectrophotom- 
eter. Light absorption measurements were made against a blank eluate 
from paper chromatographed in the same solvent. 

Since all the methyluric acids which can be formed from theophylline 
are chromogenic, 0.2 ml. portions of the urine samples were chromato- 
graphed directly on paper with a solvent composed of methanol, benzene, 
n-butanol, and water (2:1:1:1 by volume). After detection of the ab- 
sorbing areas under ultraviolet light, the chromatograms were cut into 
appropriate strips, the methyluric acids eluted with urea-cyanide solution 
(7), and the colorimetric determination made in the usual manner. 

Silver Salt Precitpitation—Another method for the identification of the 
methylxanthines was based on the solubility of their silver salts at various 
pH values. 5 ml. of an aqueous solution containing from 50 to 100 y of 
the methylxanthine were adjusted to the desired pH and 5 ml. of 5 per 
cent silver nitrate were added. The tube was stoppered and allowed to 
stand for 10 to 15 minutes with occasional shaking. After centrifugation 
at moderate speed for 5 minutes, the supernatant fluid was decanted and 
the tube allowed to drain. The methylxanthine was reconstituted by 
shaking the precipitate vigorously for 5 minutes with 5 or 10 ml. of 10 per 
cent NaCl in 0.1 nN HCl. After centrifugation, its concentration was de- 
termined in the supernatant solution by measurement of the optical den- 
sity at 270 my. All ultraviolet absorption measurements were made 
against a reagent blank carried through the entire silver precipitation pro- 
cedure. 

Table I records the percentages of the methylxanthines which were pre- 
cipitated by silver nitrate at various pH values and then reconstituted 
into the acid-NaCl supernatant fluid. It can be seen that mixtures of 
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some methylxanthines can be separated by this procedure. For example, 
from a mixture containing theobromine (3,7-dimethylxanthine), 3-methyl- 
xanthine, and 7-methylxanthine, only the latter compound is precipitated 
by silver nitrate at a pH of 1 to 2. Adjustment of the pH of the super- 
natant fluid with alkali and acetate buffer (8) to a pH of 5.5 and addition 
of more silver nitrate will precipitate 95 per cent of the 3-methylxanthine, 
leaving the theobromine in solution. This type of analysis has been ap- 
plied to the xanthine fractions from resin columns and to eluates from 
paper chromatograms. When known amounts of 3-methylxanthine, 
7-methylxanthine, and 3,7-dimethylxanthine (theobromine) were added to 
control urine samples, each could be determined by this procedure with an 
accuracy of 90 to 95 per cent. 


Results 


Methylxanthine and Methyluric Acid Excretion in Urine of Man after In- 
gestion of Theobromine—After the ingestion of 1 gm. of theobromine by 
each of two individuals, there was no increase in the excretion of either 
true uric acid or material giving residual color as determined by the uricase 
procedure (7). Paper chromatography of the uric acid and methylxanthine 
fractions obtained from the anion exchange column indicated the presence 
of a number of theobromine metabolites in the fractions from both the 
0 to 24 hour and 24 to 48 hour samples. 

In the chromatogram of the uric acid fraction, ultraviolet light-absorb- 
ing areas corresponding to uric acid (Ry 0.18) and 7-methyluric acid 
(Rp 0.35) were found. 3-Methyluric acid, another possible metabolite of 
theobromine, was not detected on this chromatogram. After elution from 
the paper, further identification of 7-methyluric acid was made by its 
characteristic absorption spectra in acid and alkaline solution and its failure 
to give a color reaction with alkaline phosphotungstate solutions. As 
shown in Table II, relatively small amounts of 7-methyluric acid are ex- 
creted during the 48 hours following theobromine ingestion. 

The paper chromatograms of the methylxanthine fraction had ultra- 
violet-absorbing areas at Ry values of 0.41, 0.48, and 0.60 corresponding 
to those of 7-methylxanthine (0.41), 3-methylxanthine (0.48), and theo- 
bromine (0.60), respectively. The eluted material with an PR, of 0.60 had 
absorption maxima at 271 muy in acid (0.1 N HCl) and 273 muy in alkaline 
solution (0.05 n NaOH). These values agree well with those for theo- 
bromine in acid (272 my) and in alkali (274 my). The theobromine ex- 
creted per 48 hours (Table II) was calculated from the optical density 
measurements of the acidified eluates. 

Since the areas containing 7-methylxanthine and 3-methylxanthine over- 
lapped to some extent, they were eluted from the paper as a single fraction 
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and separated by fractional precipitation as silver salts at pH 1.0 and 6.0 
(Table I). Further identification was made by the characteristic shift in 
absorption maxima when the medium was changed from acid (0.1 N HCl) 
to alkali (0.05 n NaOH), 3-methylxanthine shifting from a peak of 270 in 
acid to 275 muy in alkaline solution, 7-methylxanthine from 267 to 290 mu. 
The values reported in Table II for the 48 hour excretion of 3- and 7- 
methylxanthine have been calculated from the optical density values in 
acid solution. 

Methylxanthine and Methyluric Acid Excretion in Urine of Man after In- 
gestion of Theophylline—The procedure for the determination of true uric 
acid (7) indicated that, after the ingestion of theophylline, there was a 
sharp increase in the excretion of chromogenic substances that were not 


TABLE I 


Silver Salt Precipitation of Methylranthines from Water 
Solutions at Various pH Values 


Concentration range, 1.0 to 2.0 mg. per 100 ml. 


Per cent recovery 
Compound 
pH 1.0 to 2.0 pH 5.0 to 6.0 pH 10.0 to 12.0 
1-Methylxanthine................. 30 91 94 
3-Methylxanthine................. 0 95 95 
7-Methylxanthine................. 92 93 97 
1,3-Dimethylxanthine............. 0 93 84 
1,7-Dimethylxanthine............. 74 92 97 
3,7-Dimethylxanthine............. 0 5 50-80 
1,3,7-Trimethylxanthine.......... 0 0 0 


destroyed by uricase. This increase could be attributed to the presence 
of one or all of the chromogenic methyluric acids (1-methy], 3-methyl, and 
1 ,3-dimethyl). After separation by direct paper chromatography, as 
previously described, the colorimetric analyses indicated that 1-methyluric 
acid and 1,3-dimethyluric acid were present in considerable quantity 
(Table II). 

A preliminary separation of the methylxanthines from the uric acids 
was made on Dowex 2 anion exchange resin, as previously described. 
3-Methylxanthine (2, 0.48) has absorption maxima in acid and alkaline 
solutions at 270 and 275 mug, respectively. The fraction separated from 
urine at an FR, value of 0.45 to 0.59 had absorption maxima at 267 and 275 
my in acid and alkaline solutions. The presence of a small amount of 
1-methylxanthine (?, 0.55) in this fraction cannot be ruled out, although 
the two maxima at 242 and 277 muy, characteristic of 1-methylxanthine in 
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alkaline solution, were not observed. The fraction eluted from the paper 
with an PR, of 0.70 (0.65 to 0.75) had absorption maxima in acid and alka- 
line solutions at 267 and 273 mu, respectively, as compared to 271 and 275 
my for a known sample of theophylline (/?- 0.70). The values for the 
3-methylxanthine and theophylline (Table II) were calculated from the 
optical density measurements of the corresponding acid eluates. 
wVethylxanthine and Methyluric Acid Excretion in Urine of Man after In- 
gestion of Caffeine—After the ingestion of 1 gm. of caffeine, there was a 


TABLE II 
Methylzanthine and Methyluric Acid Excretion during 48 Hour Period after 
Ingestion of 1 Gm. of Designated Methylxanthine 
All the values are expressed as mg. of the administered compound required to give 
the excretory product. 


Compound ingested 
Compound excreted Theobromine | Theophylline Caffeine 
Subject Subject Subject |Subject Subject Subject 
Theobromine (3,7-dimethylxanthine)......; 124 | 117 
7-Methyluric acid............. Matis 42 36 
Theophylline (1,3-dimethylxanthine)...... 87 
ess 186 | 186 | 254 | 304 
1,3-Dimethyluric acid.................... 382 | 318 | 142 46 
Caffeine (1,3,7-trimethylxanthine)........ 11 12 
1,7-Dimethylxanthine.................... 74 19 
628 | 649 | 810 | 726 | 753 | 620 


marked increase in the excretion of non-uric acid chromogens by both ex- 
perimental subjects. In confirmation of the results obtained by Weinfeld 
and Christman (2), the present work demonstrates that 60 to 80 per cent 
of this chromogenic material is 1-methyluric acid and the remainder 1 ,3- 
dimethyluric acid (Table I1). 

The analytical procedures were similar to those previously described. 
Eluates from paper chromatograms corresponding to those of uric acid 
(Ry 0.20), 1-methyluric acid (Rr 0.42), and 1 ,3-dimethyluric acid (?,- 0.54) 
gave absorption maxima at 285 mu. The values given in Table II were 
calculated from the optical densities observed at this wave length. A 
small amount of material (10 to 15 mg. per 24 hours) with a spectra char- 
acteristic of the uric acids was found in the eluate from the chromatogram 
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at Ry 0.63 (0.58 to 0.68). The only methyluric acid found at this R, 
range is 1,7-dimethyluric acid (PR, 0.60). Johnson (9) has reported the 
presence of 1,7-dimethyluric acid in the urine of individuals on a regular 
diet, which included coffee and tea. No evidence was found for the pres- 
ence of 3-methyluric acid, which has an FP, value of 0.32. 

If demethylation of caffeine without oxidation occurred, six mono- and 
dimethylxanthines, as well as unchanged caffeine, might be present in the 
xanthine eluate. Unchanged caffeine (?y 0.78) was well separated from 
the other xanthines by paper chromatography. The material eluted from 
this area of the chromatogram (PR, 0.73 to 0.84) was characteristic of caf- 
feine since it was not precipitated as a silver salt and showed no shift in 
absorption peak in changing from acid to alkaline solution. After the in- 
gestion of 1 gm. of caffeine, 11 and 12 mg. were excreted unchanged by sub- 
jects H. C. and F. M., respectively. 

The material which was eluted from the chromatogram with an FP, of 
0.66 (0.59 to 0.73) had absorption peaks in acid at 262 my and in alkaline 
solution at 283 my. This shift is typical of both 7-methyl- and 1 ,7-di- 
methylxanthine but the Ry, value is that of 1,7-dimethylxanthine (0.66) 
rather than of 7-methylxanthine (0.43). After silver precipitation at pH 
1.0, the absorption curve of the reconstituted xanthine was still typical of 
1 ,7-dimethylxanthine with some evidence, however, for the presence of a 
small amount of 1-methylxanthine (R, 0.55). Upon adjustment of the 
supernatant fluid to a pH of 5.0 to 6.0, a second silver precipitate was ob- 
tained. The reconstituted xanthine from this precipitate had an absorp- 
tion spectrum in alkaline solution with maxima at 240 and 272 my, typical 
of 1-methylxanthine (242 and 275 my). The small amount of 1,7-di- 
methylxanthine that was not precipitated at a pH of 1.0 to 2.0 would be 
included in this fraction. 

Approximately one-third of the ultraviolet-absorbing material of the 
eluate with an FR, of 0.53 (0.47 to 0.59) was precipitated as the silver salt 
at pH 1.0 and 90 per cent of the remainder at pH 5.0to 6.0. Similar per- 
centages of 1-methylxanthine added to a control urine were precipitated as 
silver salts at these pH values. The spectra of the xanthine released from 
these silver precipitates had peaks in alkaline solution at 240 and 277 mu 
characteristic of 1-methylxanthine. 

The material eluted from the chromatogram with an R, of 0.42 (0.37 to 
0.47) appeared to be 7-methylxanthine for several reasons. (1) The Ry, 
value of 7-methylxanthine in this solvent is 0.43. (2) The absorption peak 
of the material in acid solution is at 269 my, which is similar to that of 
7-methylxanthine. Moreover, the 18 my shift in peak in alkaline solution 
to 287 my is characteristic of 7-methylxanthine. (3) Data in Table I indi- 
cate that, at pH 1.0, 92 per cent of 7-methylxanthine is precipitated as the 
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- silver salt. 90 per cent of the ultraviolet-absorbing material in the eluate 
at with an FR, of 0.42 was also precipitated at pH 1.0. 

ej The values given in Table II for the amounts of the various catabolites 


of caffeine excreted per 48 hours were calculated from the optical densities 
“a of the reconstituted xanthines after silver precipitation. Since caffeine is 
he | not precipitated as a silver salt, the values for caffeine were obtained from 
the optical densities of the eluates from the paper chromatograms. 
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T- 
AS increase in true uric acid excretion upon the ingestion of caffeine, theophyl- 
m line, or theobromine. Increases in the excretion of material which gives 
WT color with uric acid reagents after the ingestion of caffeine and theophylline 

can be attributed to the presence of the chromogenic methyluric acids. 

to In Fig. 1, the probable metabolic pathways of caffeine, theophylline, 
tp and theobromine in man are presented. After the ingestion of 1 gm. of 
ik theobromine, the major excretory products found in the urine of two sub- 


of jects expressed as per cent of dose were 7-methylxanthine (28 to 30), 
mn 3-methylxanthine (14 to 21), and unchanged theobromine (11 to 12). A 
i- small amount of 7-methyluric acid (3 to 4 per cent) was also excreted. 
1e Since more 7- than 3-methylxanthine was excreted, it would appear that 
demethylation occurs more readily at the 3 than at the7 position. The 
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7-methyluric acid may be formed by the oxidation of 7-methylxanthine 
or by demethylation of 3,7-dimethyluric acid formed by the direct oxida- 
tion of theobromine. 

Theophylline (1,3-dimethylxanthine) differs from theobromine in that 
both of the methyl! groups are on the pyrimidine ring, leaving the imidazole 
ring unsubstituted. The main excretory products after theophylline in- 
gestion were 1,3-dimethyluric acid (35 per cent), 1-methyluric acid (19 
per cent), 3-methylxanthine (13 per cent), and unchanged theophylline 
(10 per cent). The oxidation of theophylline without demethylation ap- 
pears to be the major metabolic pathway. In addition a portion of the 
theophylline was demethylated at position 1 to give 3-methylxanthine. 
Two possible pathways for the formation of 1-methyluric acid are as fol- 
lows: (1) demethylation of 1,3-dimethyluric acid or (2) direct oxidation of 
I-methylxanthine. Although this latter compound has not been detected 
as one of the excretory products of theophylline metabolism, it may be an 
intermediate. 

It would appear that theobromine and theophylline follow somewhat 
different pathways of metabolism. The major products of theophylline 
metabolism in man are methyluric acids, and the major products of theo- 
bromine metabolism are methylxanthines. Direct oxidation of theophyl- 
line must occur with relative ease to produce large amounts of 1 ,3-di- 
methyluric acid. On the other hand, no $,7-dimethyluric acid was ane 
upon the ingestion of theobromine, pen egeatbeg small amounts may have been 
formed and further metabolized. Apparently a methyl substitution at 
position 7 hinders oxidation at the adjacent C atom (position 8). That 
oxidation is not completely prevented is shown by the excretion of small 
amounts of 7-methyluric acid after the ingestion of theobromine. 

Excretion of 1l-methyluric acid and 1-methylxanthine accounted for 
approximately 46 per cent of the ingested caffeine. In addition to these 
two products, 1,7-dimethylxanthine, 7-methylxanthine, 1 ,3-dimethyluric 
acid, and unchanged caffeine were present. All of these products, except 
the 1,3-dimethyluric acid, may be accounted for by a direct pathway of 
demethylation and oxidation via 1,7-dimethylxanthine. Weinfeld (10) 
has pointed out that, if the primary step is a demethylation in the 7 posi- 
tion, caffeine would be converted to theophylline which would then be 
metabolized to yield the series of compounds characteristic of this dimethy]- 
xanthine. On the other hand an initial demethylation at position 1 would 
yield theobromine, which would be further metabolized to give its char- 
acteristic products. 

Since the pattern of the excretory nian after caffeine ingestion 1s 
different from that of theophylline or theobromine, other metabolic path- 
ways must be considered. 1,7-Dimethylxanthine, which is excreted in 
small amounts, may be the intermediate in the formation of both the 1- 
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methyl and 7-methylxanthine. Oxidation of 1-methylxanthine would give 
I-methyluric acid. The 1,3-dimethyluric acid could arise from the de- 
methylation of 1,3,7-trimethyluric acid formed by direct oxidation, even 
though none of this compound is excreted. It is more probable that this 
dimethyluric acid comes from the oxidation of 1,3-dimethylxanthine. Al- 
though this latter compound is not excreted after caffeine ingestion, it may 
be formed at a rate which permits its complete oxidation. 

The present work indicates that demethylation may occur at either the 
1,3, or7 position. In man, the order of increasing stability of these methyl 
groups is 3,7,and 1. This is consistent with the chemical lability of these 
positions as determined by Cavalieri et al. (11), who found that the most 
readily dissociated hydrogen of xanthine is at position 3 and the least acid 
hydrogen is at position 1. That demethylation of caffeine, theobromine, 
and theophylline in man does not go beyond the monomethylxanthines is 
supported by two lines of evidence: (1) no accumulation of xanthine in the 
urine was observed in the chromatographic studies; and (2) insignificant, 
if any, increases in uric acid excretion. 


SUMMARY 


After suitable control periods on diets low in methylated purines, two 
human subjects received 1 gm. doses of theobromine, theophylline, and 
caffeine. 62 per cent of the theobromine, 77 per cent of the theophylline, 
and 66 per cent of the caffeine were excreted in the form of methylxanthines 
and methyluric acids during the subsequent 48 hours. The major part of 
the theobromine was excreted as methylxanthines. In contrast, the 
methyluric acids were the predominant excretory products of theophylline. 
After caffeine administration, approximately equal amounts of the methyl- 
xanthines and methyluric acids were present in the urine. 
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METABOLISM OF 2,6-DIAMINOPURINE: CONVERSION TO 
5’-PHOSPHORIBOSY L-2-METHY LAMINO-6-AMINOPURINE 
BY ENZYMES OF ESCHERICHIA COLI 


By CHARLES N. REMY anp MARILYN 8. SMITH 


(From the General Medical Research Division, Veterans Administration Hospital, 
and the Department of Biochemistry, State University of New York, 
Medical College at Syracuse, Syracuse, New York) 
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Since Hitchings et al. (1, 2) first demonstrated that 2,6-diaminopurine 
inhibited Lactobacillus casei, DAP! has been shown to inhibit growth or 
multiplication in a wide variety of biological systems including mammals, 
tumors, birds, plants, viruses, and numerous bacteria. Although DAP is 
not incorporated per se into the nucleic acids, incorporation does occur 
after conversion to adenine and guanine (3-6). The metabolic fate of 
DAP generally parallels that of guanine. Thus, DAP has a dual metabolic 
fate, as it may serve either as an inhibitor or, when its inhibitory action 
is blocked, as a precursor for nucleic acid purines (5). 

DAP may exert its inhibitory properties by being converted into inhibi- 
tory analogues of adenine-containing cofactors such as ATP, DPN, and 
FAD (5). The competition between adenine and DAP may occur either 
in the formation of the nucleotides or in their function. Wheeler and 
Skipper have shown that DAP is incorporated into the ATP fraction of 
mouse tissue (7). Kornberg and Pricer demonstrated that DAP riboside 
may be enzymatically phosphorylated to a DAP analogue of ATP (8). 

To observe the phenomenon of DAP resistance in Escherichia colt, 
strain B, a study was conducted to determine whether growth inhibition 
by DAP could be correlated with the formation of DAP nucleotides. 
Although DAP nucleotides were isolated from the acid-soluble fraction, 
the isolation and identification of MeDAP and the corresponding 5’- 
phosphoribosyl derivative revealed that methylation of DAP at the 2- 
amino position was a new and quantitatively significant pathway of DAP 
metabolism in colt. 

1 Abbreviations, DAP, 2,6-diaminopurine; MeDAP, 2-methylamino-6-aminopurine; 
meguanine, 2-methylamino-6-hydroxypurine; ATP, adenosine triphosphate; DPN, 
diphosphopyridine nucleotide; FAD, flavin adenine dinucleotide; TCA, trichloro- 
acetic acid; E. coli/DAP, mutant of £. coli B resistant to DAP; DAPMP-5’,5’-phos- 
phoribosyl-2,6-diaminopurine; 
aminopurine. 
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EXPERIMENTAL 


Methods—E. coli B was cultured in the synthetic glucose-salts medium 
of Spizizen ef al. (9). The inoculum was prepared by inoculating 10 ml. 
of the medium with the organism, carried on Difco nutrient agar slants, 
and incubating for 7 hours at 38° as a stationary culture. 1 ml. of inocu- 
lum was added to each 1 liter flask containing 600 ml. of salts solution 
and 10 ml. of 24 per cent glucose. The incubation was carried out as 
stationary cultures for 16 to 18 hours at 38°. The cells were harvested 
by centrifugation at 2°, washed with H.O or dilute phosphate buffer, and 
resuspended in a small volume of 0.2 mM phosphate (pH 7.0) in preparation 
for use as resting cell suspensions. An average of 218 mg. dry weight of 
cells was obtained per liter of culture medium. 

The isolation of a mutant, EF. coli/DAP, was accomplished by daily 
transfers of /. coli B through the synthetic glucose-salts medium containing 
400 y of DAP? per ml. After four such transfers, the mutant grew at a 
rate equal to that of the parent strain. 

Paper chromatography was carried out at room temperature on What- 
man No. 1 paper. The following solvents have been employed (all ratios 
are in volume proportions): (a) mn-butanol-formic acid-H,O (77:10:13) 
(10), (b) isopropanol-HCIl-H20 (170:41:39) (11), (c) isoamyl alcohol layered 
over 5 per cent NasHPO, (12), (d) isopropanol-H2O-NH; (85:15:1.3) 
(13), (e) 70 per cent isopropanol with 0.35 ml. of concentrated NH; per 
liter of air space placed in the bottom of the chamber (14), (f) m-propanol- 
NH;-H20 (60:30:10) (15), (g) 62 per cent n-propanol, (A) n-butanol 
saturated with NH;-H2O (1:4) (16), (7) 86 per cent n-butanol with n- 
butanol-H»O-NH; (86:9:5) in the chamber (10), (4) 86 per cent n-butanol 
(10), (J) ¢tert-butanol-constant boiling HCl-H,O (700:132:168) (17), (m) 
n-butanol saturated with 10 per cent urea (12); (m) 70 per cent isopropanol. 
With the exception of solvents (c) and (m), descending chromatography 
was employed. Purines were detected on paper chromatograms by means 
of a Mineralight lamp and were eluted for rechromatography by descend- 
ing chromatography with HO or 0.01 n HCl. To obtain the spectrum 
of a component isolated by chromatography, the desired area and a control 
area, for use as a blank, were eluted with 5 to 7 ml. of H2O or 0.01 Nn HCl 
for 18 to 24 hours with occasional shaking. Absorption measurements 
were made with a Beckman model DU spectrophotometer. 

All radioactive determinations were carried out by counting infinitely 


2? DAP, L-methionine, and various purines, nucleosides, and nucleotides were ob- 
tained from the California Foundation for Biochemical Research and the Nutritional 
Biochemicals Corporation. The Pabst Brewing Company supplied the ATP and 
DPN. The Schwarz Laboratories supplied the barium salts of ribose 5-phosphate 
and 3-phosphoglyceric acid. The barium was removed with Na2SQ,. 
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thin samples in SC-16 windowless flow counter from Tracerlab, Inc. <Ac- 
tivity has been expressed as counts per minute. 


R ts 


Isolation of MeDAP—The largest amounts of MeDAP were isolated 
from the medium of resting cell suspensions of /. coli (final volume of 40 
ml.) containing the following per ml.: the equivalent of 14 to 16 mg. dry 
weight of cells, 100 umoles of phosphate buffer (pH 7.0), 11 uwmoles of glu- 
cose, and 0.36 umole of DAP. The amount of MeDAP isolated was ap- 
proximately linear with time for reaction periods of 15 to 180 minutes. 
After incubation for 180 minutes at 38°, the cells were removed by cen- 
trifugation and the supernatant fluid was concentrated in vacuo to 15 ml. 
Phosphate was removed by addition of a slight excess of 20 per cent barium 
acetate while keeping the pH at 8.0 by the addition of NaOH. The 
phosphate-free supernatant fluid was concentrated to 2.5 ml. and hydro- 
lyzed in N HC! for 1 hour at 100°. The purines were precipitated as the 
silver salts by the addition of an excess of AgNO; and concentrated NH; 
(18). The silver salts were washed with HeO and then extracted with 
a total of 5 to 7 ml. of 0.5 N HCl. After the HC! extract was evaporated 
to dryness, MeDAP was separated from the bulk of contaminating purines 
and pyrimidines by a 24 to 36 hour chromatogram by using solvent (a). 
The MeDAP band, fluorescing a distinct blue, was the fastest moving 
major component. Xanthine, the only other identified metabolic product 
of DAP (19), migrated slightly faster than DAP but was well separated 
from the MeDAP band. Ultraviolet-absorbing contaminants overlapping 
the leading and trailing edge of the MeDAP band were removed by re- 
chromatography in solvent (b) for 48 hours. At this stage MeDAP was 
free of ultraviolet contaminations, as judged by a consistent absorption 
spectrum and absence of evidence of additional compounds by chroma- 
tography in eight different solvents. 

Smaller amounts of MeDAP were isolated from the TCA-soluble nucleo- 
tide fraction of cells incubated in a medium containing per ml.: the equiva- 
lent of 7 to 8 mg. dry weight of cells, 50 umoles of phosphate buffer (pH 
7.0), 8.9 umoles of glucose, and 1.92 umoles of DAP. ‘The amount isolated 
reached a maximum after 45 to 90 minutes of incubation and then de- 
creased slowly. The water-washed cells were extracted with 5 per cent 
TCA for 30 minutes at 2°, and then washed with 5 per cent TCA, and the 
combined extracts were extracted with ether to remove the TCA. The 
aqueous fraction was adjusted to pH 8.0 and the combined nucleotide 
fractions were precipitated by the addition of 0.1 volume of 20 per cent 
barium acetate plus 4 volumes of absolute alcohol. After 16 to 20 hours 
at 2°, the barium nucleotides were collected, washed with absolute alcohol 
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and ether, and dissolved in 0.1 N HCl. Barium ions were removed with 
Na SQO,. After the nucleotides were hydrolyzed in N HCl for 1 hour at 
100°, the hydrolysate was evaporated to dryness prior to the isolation of 
MeDAP by paper chromatography as previously described. 

Definite care was exercised when examining a sample of MeDAP on a 
paper chromatogram with a Mineralight lamp. Visible decomposition 
occurred after several minutes under full intensity of the short wave 
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Fic. 1. Absorption spectrum of the isolated MeDAP in neutral, alkaline, and 
acid solution: pH 2, 0.01 N HCl; pH 7.4, 0.05 m phosphate buffer or 0.015 m glycyl- 
glycine buffer; pH > 11, 0.01 N NaOH or N NH;. The absorption spectrum at pH 6 
(0.025 M ammonium acetate buffer) and at pH 9 (0.03 m glyeylglycine buffer) is essen- 
tially identical to the spectrum at pH 7.4. 


ultraviolet light. The bright yellow decomposition product had an absorp- 
tion maximum of 385 mu at pH 2 which shifted to 430 my at pH 5. 
MeDAP was distinctly more stable in acid than in neutral or alkaline 
media. 

Identification of Isolated Base As MeDAP—A comparison of the absorp- 
tion spectrum of the isolated base (Fig. 1) with that of DAP revealed a 
marked similarity of pattern despite the increase in the relative height 
of the second peak as compared to the third peak and the slight shift of 
the third peak toward the longer wave length. Similarly, a comparison 
of paper chromatographic mobilities demonstrated that the isolated base 
consistently had higher Ry values than DAP (Table I). Both findings 
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suggested an alkylamino derivative of DAP (20-22). The location and 
nature of the alkylamino group in the isolated base were determined by 
the identification of its deamination product as meguanine. The structure 
of the isolated base was therefore 2-methylamino-6-aminopurine. Con- 
firmation of these findings was accomplished by direct comparison of the 
isolated MeDAP and its deamination product with authentic samples.’ 
Although DAP and guanine were easily deaminated with nitrous acid, 
more vigorous conditions were required for adenine and the isolated 


TABLE I 


Paper Chromatographic Properties of Isolated Purine 
Components and Reference Compounds 


Purine component Solventt 
(a) | (c) | (d)$ (e) (g) (m) (n) 
MeDAP nucleotide....... 0.01 | 0.46 | 0.60 | <0.01 | 0.47 | 0.41 0.01 
- nucleoside. ..... 0.21 0.42 | 0.32 0.12 0.20 
0.41 | 0.43 | 0.25 0.42 | 0.51 | 0.62 
0.27 | 0.48 
DAP nucleotide......... 0.01 | 0.29 | 0.50 | <0.01 | 0.30 <0.01 | 0.00 
nucleoside. ........ 0.14 0.30 0.10 
rs 0.21 | 0.18 | 0.23 0.24 | 0.41 | 0.40 0.16 | 0.37 
Adenylic acid§........... 0.01 | 0.41 | 0.69 0.00 | 0.49 | 0.44 0.00 
EES See ee 0.27 | 0.31 | 0.38 0.35 | 0.59 | 0.64 0.32 | 0.57 


* Owing to experimental conditions these values cannot be considered as absolute 
Ry values. 

t For a description of the solvents see under ‘‘Methods.”’ 

t Ascending instead of usual descending technique. 

§ Reference compounds. 


MeDAP. 2 to 5 uwmoles of base in a volume of 0.5 ml. were acidified 
with 0.8 ml. of glacial acetic acid and incubated at 56° for 5 hours. At 
0, 2, and 4 hours, 0.1 ml. of barium nitrite (17 mg.) was added. At the 
end of the incubation period, the sample was evaporated to dryness and 
dissolved in H.O and barium ions were removed with 0.1 N H.SO, (final 
pH 1 to 1.5). The barium-free supernatant fluid was evaporated to dry- 
ness in vacuo and chromatographed with solvent (a) (Table I). The 
major deamination product (2 = 0.27) and a very minor component 


* Authentic samples of MeDAP and meguanine were kindly furnished by Dr. 
George H. Hitchings and Dr. Gertrude B. Elion. Data concerning their chemical 
properties were also furnished. Both compounds were purified by paper chroma- 
tography before their absorption spectra were obtained. 
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(Rr = 0.13) were the only two bands observed. The absence of visible 


amounts of MeDAP (Ry = 0.41) indicated an essentially complete conver- — 


sion. The reduced electrophoretic mobility of the deamination product 
(Table II) coupled with its water insolubility indicated that the original 
purine had lost a basic group in the formation of a guanine derivative. 
After rechromatography in solvent (b), the deamination product was 
chromatographically pure. The absorption spectrum (Fig. 2) matched 
that of meguanine (21). Deamination at position 6 was unexpected, 
since DAP is deaminated exclusively at the 2 position to form isoguanine 


TABLE II 


Paper Electrophoretic Comparison of Isolated and Authentic Purines 


Mobility (cm. per hr.)* 
Purine — 
pH 4.6 pH 4.09 | pH 3.38 

0.23 0.38 


* The electrophoretic technique involved a horizontal suspension of Whatman 
No. 3 MM paper (14 X 38 cm.) clamped between two heavy glass plates. Samples 
were applied to the center line of the paper previously saturated with 0.1 mM am- 
monium acetate buffer and blotted free of excess buffer. A 15 minute equilibration 
period was allowed before applying a potential of 200 volts across the paper. All 
samples were allowed to migrate for 3 hours at room temperature. The trailing 
boundary of the DAP derivatives was difficult to outline, owing to the peculiarities 
of their blue color under ultraviolet light. The very low solubility and slow migra- 
tion of meguanine allowed only an approximation of the mobility. All samples 
became more diffuse as the pH decreased. 

Authentic samples. 


in essentially quantitative yields. Likewise, the expected nitrosation 
of the alkylamino group (20, 21) did not occur to any appreciable extent, 
although the minor component of the deamination of the isolated MeDAP 
(Ry = 0.13 in solvent (a)) might be the nitroso derivative. Authentic 
MeDAP is primarily deaminated at position 6 to form meguanine. How- 
ever, some nitrosation does occur.’ 

The isolated MeDAP and meguanine were compared directly with 
authentic samples. The two pairs of compounds were found to be identical 
with respect to mobility on paper chromatograms in eleven different 
solvents (Table ILD) and to absorption spectrum (Figs. 1 and 2). In all 
solvent systems, MeDAP and meguanine characteristically had higher 
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MAXIMUM MINIMUM 
pH2 250,280 228,27! 
uct #00F PHE 246,280 226,266 - 
ve. > | IM NoOH 251,279 
ine _j-250 pH6 
< \ 
My 
150} 
210 230 250 270 290 
WAVELENGTH IN MILLIMICRONS 
Fic. 2. Absorption spectrum of the isolated meguanine: pH 2, 0.01 n HCI; pH 6, 
0.03 to 0.1 M ammonium acetate buffer; pH > 11, N NH;; 1 m NaOH. 
TasB_e III 
--- Chromatographic Comparison of Isolated and Authentic Samples 
les Rr* 
m- 
on Purine Solventt 
All 
0.31, 0.37 0.47 0.53,0.51 0.62 0.24 0.26 0. 0.310.32 32 
0.18 0. 220. 26,0. 39/0. 4100. 1] 0. 160. 140. 18 
Isolated MeDAP............. 0.37) 0. 25.0. 450. 520. 58 0. 57 0. 26 0. 360. 320.35 
0.37) 250. 450.530. 580. 590.280. -36/0. -300. 35 
Guaninef. . .. 0.15 <0.05 0. 37 0. -80)0. 48 0. 070. 100. 21 
Isolated meguanine.. . <0.05 0. 480. 470. .63 0. 170. 25,0. Al 
Meguaninef.................. 0.330.43 <0.05 0. 490. 450.63 (0.180.260.41 
| 
\P * As a means of obtaining more consistent Rp values and to minimize the effects 
tic | of salts, the sample was applied to the paper and the reference purine (usually DAP 
w- | 7 adenine) was applied to the same spot as an “‘internal’’ reference. 
t For a description of the solvents see under ‘‘Methods.’’ 
t Authentic samples. 
th 
‘al | Ry values than DAP and guanine, respectively. The paper electrophoretic 
nt | mobilities of the isolated and authentic samples compared favorably 
all | (Table ID). 
er Direct evidence that the isolated MeDAP was a metabolic product of 
the exogenous DAP was obtained by the isolation of MeDAP-C" from the 
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medium of a resting cell suspension containing 11.8 wmoles of DAP-8-C* 
(53,300 c.p.m. per umole)‘ incubated for 3 hours. As there is no evidence 


for the endogenous synthesis of DAP or for the formation of MeDAP in the 
absence of DAP, the specific activity of the isolated MeDAP was assumed | 
to be that of the exogenous DAP-C". Chromatography of the HCl ex- 
tract of the silver purines in solvent (a) and subsequent elution of the 


MeDAP band revealed the presence of 2.2 uymoles of MeDAP as judged 
by radioactivity. Since the isolation procedure was not quantitative, 
there was a minimum of 18.7 per cent conversion of DAP to MeDAP 
during the 3 hour incubation. By determining the optical density of a 
solution of purified MeDAP of known specific activity, the molar extinc- 
tion coefficient was approximated to be 8610 at 288 my and pH 2. 

Since glucose served as the sole carbon source for /. coli, the formation 
of the methyl group in vivo was demonstrated by the incorporation of 
the carbon of b-glucose-1-6-C™ into MeDAP (Table IV). The specific 
activity of the isolated MeDAP remained constant (within experimental 
error) after chromatography in four solvents. The carbon of glucose 
but not of formate was incorporated into MeDAP. Glucose definitely 
was not the limiting factor in MeDAP synthesis, since washed EF. coli cells 
were able to carry out the synthesis in the absence of exogenous glucose. 

Isolation and Identification of MeDAPMP-5'—The nucleotides of the 
TCA-soluble fraction of £. coli cells incubated with DAP were separated 
into barium salts which were insoluble in water and those which were 
precipitated from solution by alcohol. The latter was dissolved by ad- 
justing the pH to 3, freed of barium ions with Na,SO,, and chromato- 
graphed in solvent (c). No evidence for the presence of the free base, 
MeDAP, was found. The MeDAPMP-5’ was located on the paper as a 
blue band just overlapping the trailing edge of adenylic acid (Table I). 
To remove the phosphate of the solvent, the nucleotide band was eluted 
with H.O, adsorbed on a minimum of Norit A, and eluted with ethanol- 
NH:;-H:20 (5:3:2). Further purification was accomplished by rechroma- 
tography in solvents (b), (e), and (g). The absorption spectrum of Me- 
DAPMP-5’ is given in Fig. 3. The nucleotide has also been purified by 
elution from a Dowex 1 (chloride form, 10 per cent cross-linkage, 200 to 
400 mesh) column with 0.002 n HCl. 

MeDAPMP-5’ was dephosphorylated by incubation with 12 y of snake 
venom protein,® containing a specific 5’-nucleotidase (23), 0.8 umole of 


4 DAP-8-C™ and L-methionine-CH;-C"™ were obtained from the Isotopes Special- 
ties Company, Inc. p-Glucose-1-6-C™ was furnished by the New England Nuclear 
Corporation. Formate-C' was obtained from Dr. Martin P. Schulman. 

6 Lyophilized Crotalus adamanteus venom as supplied by Ross Allen’s Reptile 
Institute. 
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MgCl, and 8 umoles of glycine buffer (pH 8.5) in a total volume of 0.4 
ml. After an incubation of 35 minutes at 38°, the reaction was stopped 
by heating in boiling H.O for 2 minutes. Control experiments with 
yeast adenylic and guanylic acids demonstrated that the 2’- and 3’-phos- 
phonucleosides were not appreciably dephosphorylated under these con- 
ditions. The nucleoside of MeDAP was initially isolated by chromatog- 


TABLE IV 
Utilization of p-Glucose-1-6-C'* and HC“%OONa for MeDAP Synthesis 
Values of MeDAP as eluted from chromatograms* 
Solventt 
(a) (6) (d) (e) (g) 
Experiment 1, C'4-glucose 
Total c.p.m. 1531 1505 1408 874 
pmoles 1.54 0.81 
Specific activity, c.p.m. per umole 915 1077 
Experiment 2, C!4-glucose 
Total c.p.m. 3013 1652 1206 1091 984 
 pmoles 1.31 1.04 1.02 0.82 
Specific activity, c.p.m. per umole 1261 1160 1070 1200 
Experiment 3, C'*-formate 
Total c.p.m. 60 0.00 


* Each experiment had a total incubation volume of 34 ml. which contained 12.2 
umoles of DAP, 3400 umoles of phosphate buffer (pH 7.0), and either 444.4 ymoles 
of p-glucose-1-6-C!* (5820 c.p.m. per umole of carbon) or HC'%OONa (44,000 c.p.m. 
per zmole) as indicated. Experiments 1, 2, and 3 contained the equivalent of 527, 
354, and 506 mg. dry weight of washed cells, respectively. Each flask was shaken for 
3 hours at 38°. MeDAP was isolated from the medium and chromatographed suc- 
cessively in the stated solvents. The micromoles of MeDAP were calculated from 
the optical density of the eluted MeDAP bands, by using the approximated molar 
extinction coefficient of 8610. 

t For a description of the solvents see under ‘‘Methods.’’ 


raphy in solvent (a) (Table I). No detectable amounts of free base were 
liberated. Rechromatography with solvents (6), (c), (d), and (m) con- 
firmed the presence of a component having the expected PR, of a nucleoside. 
Presence of ribose in the nucleoside was confirmed by the orcinol method 
of Mejbaum as modified by Umbreit et al. (24). The spectrum of the 
nucleoside coincided with that of the nucleotide (Fig. 3). Hydrolysis of 
either the nucleoside or nucleotide in N HCl for 60 minutes at 100° yielded 
a product whose Rr and spectrum were identical to those of MeDAP. 
When the water-insoluble barium salt fraction was dissolved in 0.1 N 
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HCl, freed of barium ions, and chromatographed in solvent (c), another 
distinct MeDAP-containing nucleotide was isolated. This component had 
a higher Ry (0.69 versus 0.60) than the monophosphonucleoside of MeDAP. | 


Although complete identification has not been carried out, it would appear | 


to be either the di- or triphosphonucleoside of MeDAP as judged by paper 
and ion exchange chromatography. Visual examination of paper chro- 
matograms strongly suggested that more of the polyphosphate than the 


monophosphate component was present. 


Isolation and Identification of DAPMP-5'—The monophospho- and 
presumably the polyphosphoriboside of DAP have also been isolated from 


.400 T T T T T T T T T 
Les MAXIMUM(S) MINIMUM(S) 
pH2 213,255,297 235,276 - 
220,258,287 241.274 
(79) 
z q 
200} 
q 
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200 
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Fic. 3. Absorption spectrum of MeDAP nucleotide in acid and alkaline solution: 
pH 2, 0.01 n HCl; pH 11 to 12, Nn NH; and 0.01 N NaOH. The spectrum at pH 5 and 


pH 7 is the same as that at pH 2 and pH 11 to 12, respectively. The absorption spec- 
tra of MeDAP nucleotide and nucleoside are identical. 


the TCA-soluble fraction of E. coli by the methods described for the 
MeDAP derivatives. Location of the monophosphonucleoside on chro- 
matograms was facilitated by virtue of its distinctly blue appearance and 
by the fact that, as in the case of the free bases, the nucleotide of DAP had 
a lower Ry than the MeDAP nucleotide (Table I). Identity of the nucleo- 
tide as DAPMP-5’ was based on a comparison of Ry and spectral charac- 
teristics of the isolated nucleotide, nucleoside, and free base. The latter 
two were obtained from the nucleotide by enzymatic and acid hydrolysis, 
respectively, by methods outlined for MeDAPMP-5’. The spectral dif- 
ferences between MeDAP and DAP persist in the corresponding nucleo- 
tides. ‘The mobility of the nucleoside in a two-dimensional chromatogram 
with solvents (c) and (m) was similar to that reported by Wheeler and 
Skipper (7). The evidence for a polyphosphonucleotide was based on 
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the isolation of a different DAP-containing component after paper and 
ion exchange chromatography of the barium-insoluble nucleotide fraction. 
Although all experiments were carried out under presumably similar 
conditions, it was not possible to predict whether the nucleotides of DAP 
or MeDAP would be isolated as the major component. 

Inhibition of DAP and MeDAP Incorporation—In regard to the mech- 
anism whereby adenine is able to prevent the growth inhibition of E. coli 
by DAP, it was of interest to find that Z. coli cells did not incorporate 
either DAP or MeDAP into the nucleotide fraction when the cells were 
incubated in a medium containing both DAP and adenine (50 umoles of 
phosphate buffer, 8.9 uwmoles of glucose, 1.92 umoles of DAP, and 0.38 
umole of adenine per ml.). However, incorporation did occur under 
identical conditions when adenine was omitted from the medium. Since 
these results were obtained from visual observation of chromatograms, 
slight incorporation would be undetectable. 

Distribution of MeDAP Synthesis—To determine whether MeDAP syn- 
thesis occurred in other microorganisms, Streptococcus faecalis, L. caset, 
and Saccharomyces carlsbergensis were grown as stationary cultures (the 
first two in trypticase soy broth, the third in mycophil broth, Baltimore 
Biological Laboratory) for 16, 22, and 96 hours, respectively. Resting 
cell suspensions (final volume of 30 ml.) contained per ml.: 14 to 35 mg. 
dry weight of cells, 125 umoles of phosphate (pH 7.0), 11 umoles of glucose, 
2 wmoles of Lt-methionine, and 0.36 or 1.96 uwmoles of DAP. Control 
vessels contained, in addition, 0.36 or 0.81 umole per ml. of adenine. After 
a 3 hour incubation at 38°, the cells were collected by centrifugation. 
The purine fraction of the medium was isolated as previously described. 
The TCA-soluble fraction of the cells was passed through a column of 
Dowex 1 (chloride form) having the dimensions 0.64 sq. em. X 3.5 em. 
The bases and nucleosides were eluted with 0.01 N NH,Cl and the com- 
bined nucleotide fraction was eluted with Nn HCl. The HCl eluate was 
hydrolyzed and the purines were purified through the silver salts. The 
presence of DAP and MeDAP was determined by two-dimensional chro- 
matograms with solvent (a) or (m) followed by solvent (ce). Although 
none of the three organisms synthesized MeDAP in amounts detectable 
on paper chromatograms, they did incorporate DAP into the nucleotide 
fraction of the cell. The degree of incorporation was proportional to the 
DAP concentration in the medium. In each case, adenine prevented or 
greatly decreased the incorporation of DAP. 

Formation of MeDAP and DAP Nucleotides by EF. coli/ DAP—No evi- 
dence was obtained that the mutant, 2. coli/ DAP, could incorporate 
either DAP or MeDAP into the TCA-soluble nucleotide fraction when 
resting cell suspensions were incubated in a medium containing DAP. 


| 
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However, isolation of MeDAP from the medium demonstrated that the 
resistant mutant converted DAP to MeDAP at 60 to 90 per cent of the 
rate of normal cells. The mutant differed from the parent strain in its 
inability to convert either the exogenous DAP or the endogenously syn- 
thesized MeDAP into the nucleotide fraction of the cells. 

Synthesis of MeDAP by Cell-Free System—Investigations as to the 
requirements for MeDAP synthesis were carried out with extracts of 16 
to 18 hour stationary cultures of EF. coli B grown in Difco brain heart 
infusion medium or trypticase soy broth. Washed cells were ground with 
aluminum oxide, and then diluted with buffer, and the cellular debris was 
removed by centrifugation at 18,000 X g for 15 minutes. The superna- 
tant fluid was recentrifuged for 25 minutes at 25,000 * g. This crude 
enzyme extract contained approximately 15 to 18 mg. of protein per ml. 
The degree of MeDAP synthesis was determined by the conversion of 
DAP-8-C"™ to MeDAP-8-C™. After an incubation of 3 hours, the reaction 
was stopped by addition of TCA. The purine fraction was hydrolyzed 
in N HCI, purified through the silver salts, and isolated by paper chroma- 
tography in solvent (a). The MeDAP area was eluted and the concentra- 
tion of MeDAP-C™ was determined. In a reaction mixture containing 
(per ml.) 1.5 wmoles of DAP, 6.8 umoles of ATP, 20 uwmoles of MgCl, 
10 umoles of L-methionine, 100 umoles of phosphate (pH 7.4), and 6 to 8 
mg. of enzyme, it was possible to demonstrate an essentially absolute 
requirement for each of the reactants except phosphate. The methyl 
group of L-methionine-CH;-C was incorporated into MeDAP by such a 
system. The participation of adenosylmethionine (25) as the primary 
methy] donor is being investigated. 

The formation of DAP and MeDAP nucleotides was demonstrated in 
a reaction mixture containing per ml.: 1.3 wmoles of DAP, 4 umoles of 
ribose 5-phosphate, 1.4 umoles of ATP, 20 umoles of MgCle, 15 umoles of 
L-methionine, 2 umoles of 3-phosphoglyceric acid, 10 umoles of glucose, 
1.2 wymoles of DPN, 80 uwmoles of phosphate (pH 7.4), and 6 to 8 mg. of 
enzyme. After a 3 hour incubation at 38°, the reaction was stopped with 
TCA. The nucleotide fraction was isolated via small Dowex 1 columns 
(chloride form) and the corresponding free purines were separated and 
identified by two-dimensional chromatography by methods previously 
stated. Both DAP and MeDAP nucleotides were formed in the above 
reaction. At a concentration of 3.4 wmoles per ml., ATP was distinctly 
inhibitory. The omission of methionine resulted in considerable loss 
of MeDAP nucleotide formation without affecting the synthesis of DAP 
nucleotides. At a level of 1 wmole per ml., adenine completely inhibited 
the formation of both DAP and MeDAP nucleotides. No inhibition 
occurred at a level of 0.2 umole of adenine per ml. However, adenine 
did not inhibit the synthesis of the free base, MeDAP. 
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DISCUSSION 


In intact EF. coli cells, DAP is deaminated to xanthine, converted to 
mono- and polyphosphonucleosides, and methylated to yield MeDAP 
which in turn is incorporated into similar nucleotides. Methylation of 
DAP appears to occur at the base rather than at the nucleotide level, since 
E. coli/DAP converts DAP to MeDAP but fails to convert either DAP or 
MeDAP to the corresponding nucleotide. The observation that adenine 
not only overcomes the growth inhibition of DAP but also prevents the 
formation of DAP and MeDAP nucleotides may indicate that the three 
bases are converted to the nucleotide form via the same enzyme and that 
adenine prevents the incorporation of DAP and MeDAP by successfully 
competing for the enzyme. Whether MeDAP nucleotides have any spe- 
cific inhibitory role is not known at present. These findings support the 
view that DAP inhibition is the result of the incorporation of DAP into 
an analogue of a specific adenine-containing cofactor via the same route 
by which adenine is incorporated and that it is the DAP analogue which 
is the active inhibitor (5, 26). 

The observation that /. coli/DAP is unable to incorporate either DAP 
or MeDAP into the nucleotide fraction likewise supports the data indi- 
cating that resistance to DAP in L. casez occurred as a result of the loss 
of an enzyme system responsible for the incorporation of DAP into the 
nucleotide form (26, 27). The mechanism bestowing resistance to DAP 
in £. coli is not related to MeDAP formation, as both the wild and resistant 
strains are capable of carrying out its synthesis. 

Other methylamino derivatives of purines that have been isolated from 
biological systems include 6-methylaminopurine, a constituent of deoxy- 
nucleic acids of certain strains of F#. coli (20), 6-dimethylaminopurine, a 
component of Puromycin (28), and N?-methylguanine, a normal con- 
stituent of human urine (21). The finding of MeDAP further emphasizes 
an increasingly significant role for these purine derivatives. The present 
study revealed that MeDAP is considerably less inhibitory than DAP for 
E. coli B. A similar finding has been reported for L. caset (29). The 
methylation of DAP may be considered as a method of detoxification of 
the inhibitor. 


SUMMARY 


1. Escherichia coli B not only incorporated 2,6-diaminopurine (DAP) 
into 5’-nucleotides of the trichloroacetic acid-soluble nucleotide fraction, 
but also metabolized it to 2-methylamino-6-aminopurine (MeDAP) and 
converted the latter to 5’-nucleotides. Adenine prevented the incorpora- 
tion of DAP and MeDAP into the nucleotide form. 

2. A DAP-resistant mutant of F. coli B was able to form MeDAP but 
was unable to convert either DAP or MeDAP to nucleotides. 
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3. A crude enzyme preparation of £. coli required methionine, adenosine 


triphosphate, magnesium ions, and DAP for MeDAP synthesis. Me- 
thionine acted as a methyl donor in this reaction. The requirements for 
DAP and MeDAP nucleotide formation were determined. 


RY ERB 
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11-OXYGENATED ETHYNYL-, VINYL-, 
ETHYLTESTOSTERONES 
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AND 
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As part of a program to prepare new steroids with “ring-C” oxygena- 
tion by use of adrenal perfusion (1, 2), we have studied the enzymic 11,- 
hydroxylation of 17-ethynyltestosterone and 17-vinyltestosterone. At 
the same time, a chemical program was undertaken to provide similar 
steroids from starting materials with the 11-keto or 116-hydroxy group. 
The synthesis of 17-ethynyl-11-oxygenated steroids had been little studied 
before the experiments described in this paper, the only report being that 
of Sarett (3), who converted 11-ketoetiocholanolone 3-acetate (3a-acetoxy- 
58-androstane-11,17-dione) to 
1l-one in 80 per cent yield. At about the time our work was completed, 
Colton (4), working independently in these laboratories, reported the 
preparation of two 19-nor homologues of steroids in our series, namely 
17-ethynyl and 17-vinyl derivatives of 118-hydroxy-19-nortestosterone. 

The experiments in this paper have made available the following new 
steroids: 11-keto-17-ethynyltestosterone (17-hydroxy-17a-ethynylandrost- 
4-ene-3,11-dione) (5); 118-hydroxy-17-ethynyltestosterone (118 ,17-dihy- 
droxy-17a-ethynylandrost-4-en-3-one) and its 17-acetate (118-hydroxy- 
17-acetoxy-17a-ethynylandrost-4-en-3-one) (6); 11-keto-17-vinyltestoster- 
one (17-hydroxy-17a-vinylandrost-4-ene-3 ,11-dione) (5); 118-hydroxy-17- 
vinyltestosterone (116,17-dihydroxy-17a-vinylandrost-4-en-3-one) and its 
17-acetate (5); 11- 
keto-17-ethyltestosterone (17-hydroxy-17a-ethylandrost-4-ene-3 , 11-dione) ; 
118-hydroxy-17-ethyltestosterone (116,17-dihydroxy-17a-ethylandrost-4- 
en-3-one). 

The correlation of the biochemical and chemical routes to the prepara- 
tion of these steroids is shown in Diagram 1. 


EXPERIMENTAL! 


8-Ethoxyandrosta-8 ,5-diene-11,17-dione (III)—A suspension of 2.0 gm. 
of adrenosterone (I) (7) in 10.8 ml. of peroxide-free dioxane and 2.0 ml. 


* Present address, California Research Corporation, Richmond, California. 

1 The technical assistance of Richard Ray, Sidney Siegel, John Kapetan, Carl 
Zitzewitz, Jeanette Mier, Anne Jaeger, and Marjorie Ziebell was of great value in 
this work. All melting points are corrected. The analytical data reported were 


339 


| 
). 
and 
285 
203, 
55). 
52). 
and 
and 
505 


340 11l-OXYGENATED ETHYLTESTOSTERONES 


of freshly distilled ethyl orthoformate was treated with 0.27 ml. of a 
solution of 0.488 gm. of p-toluenesulfonic acid monohydrate in 5.4 ml. of 
dioxane and 1.1 ml. of absolute ethanol. The suspension was swirled 
occasionally at room temperature for 1 hour, during which time the solid 
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D1aGraM 1. Py. = pyridine. The asterisk (*) derivative has not been charac- 
terized. 


dissolved to yield a pale yellow-colored solution. This solution was treated 
with 1.1 ml. of pyridine and the solvents were removed at reduced pressure. 


obtained by the Analytical Division under the supervision of Dr. Robert T. Dillon. 
All ultraviolet spectra were determined in methanol solution, and the infrared spec- 
tra by the potassium bromide disk method (0.5 per cent of the compound in KBr) 
except where the solvent is specified. 
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f a | The pale yellow partially crystalline solid which remained was dissolved 
of | in 50 ml. of warm benzene, diluted with 3 volumes of petroleum ether, and 
led | chromatographed on a column of 200 gm. of alumina prepared with petro- 
slid leum ether. Elution with 4:1 benzene-petroleum ether and 12:1 benzene- 
ethyl acetate gave 1.83 gm. of colorless crystalline solid, m.p. 138-148°. 
This material gave good results when used directly in the reactions described 
below. The chromatographed enol ether could be recrystallized from 
methanol to give blunt flat needles melting at 145-148°, [a}?* +4° (chloro- 
form with trace of pyridine), ¢€2400 = 19,400; infrared spectrum 5.78, 
5.88, 6.09, 7.28, and 8.50 uy. 


Co,H2s03. Calculated, C 76.79, H 8.59; found, C 76.73, H 8.64 


11-Keto-17-ethynyltestosterone (V)—Into a solution of 2.40 gm. of crude 
3-ethoxyandrosta-3 , 5-diene-11 , 17-dione (III) of m.p. 138—148° (as partially 
purified by chromatography) in 250 ml. of 3:2 benzene-anhydrous ether 
was passed a slow stream of acetylene for 1 hour. With continued stir- 
ring, a solution of 2.6 gm. of potassium in 100 ml. of purified ¢ert-amyl 
alcohol was added rapidly and the stream of acetylene continued for 3 
hours. After the system was flushed with nitrogen, the reaction mixture 
was diluted with 500 ml. of benzene-ether 2:3 and treated cautiously with 
portions of 500 ml. of saturated aqueous ammonium chloride. After 
separation, the aqueous phase was reextracted with 300 ml. of 1:1 benzene- 
ether, and the combined extracts were washed twice with saturated ammo- 
nium chloride, with water, and then with saturated sodium chloride 
solution. After being dried with anhydrous sodium sulfate, the solvents 
were removed in vacuo and the remaining few ml. of ¢ert-amyl alcohol 
removed as the toluene azeotrope to give a residue of crude 3-ethoxy-17- 
hydroxy-17a-ethynylandrosta-3 , 5-dien-11-one. 

The crude enol ether was dissolved in 135 ml. of methanol, diluted with 
15 ml. of aqueous 0.24 N hydrochloric acid, and the faintly turbid suspen- 
sion stored at room temperature for 42 hours. The crystalline material 
which had separated was collected, washed with methanol-water, and 
dried to give 1.15 gm. of crude product (V), m.p. 279-282°. An additional 
1.23 gm. of product were obtained from the filtrate by extraction with 
ethyl acetate. Recrystallization from acetone or from aqueous methanol 
rac- | gave a total of 1.65 gm. of product melting at 281-287°. After decoloriza- 
tion with Darco G-60 charcoal in dioxane solution, the material was crystal- 
ted | lized three times from ethyl acetate-dioxane and dioxane to furnish pure 
V, m.p. 293-295°, [a}?* +122° (dioxane), €2330 = 15,000; infrared spectrum 
— | 2.92, 3.08, 4.72, 5.88, 6.04, 6.20, 8.84 and 9.38 u. 


ec- CxH.O9;. Calculated, C 77.27, H 8.03; found, C 77.02, H 8.20 
118-Hydroxy-17-ethynyltestosterone (VI from II)—The conversion of 
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5.44 gm. of 116-hydroxyandrost-4-ene-3,17-dione (8) to 3-ethoxy-11é. 
hydroxyandrosta-3 ,5-dien-17-one was carried out essentially as described 
for III above. The crude enol ether, without isolation, was ethynylated 
and hydrolyzed by procedures described under the preparation of V. The 
crude product, 5.0 gm., was chromatographed on 350 gm. of silica gel, 
Elution with 2 liters of 1:3 ethyl acetate-benzene furnished 1.40 gm. of 
starting steroid, 118-hydroxyandrost-4-ene-3 ,17-dione. Further elution 
with 6 liters of 1:3 ethyl acetate-benzene and 2 liters of 3:10 ethyl acetate. 
benzene yielded 1.74 gm. of the 17a-ethynyl product. Recrystallization 
from 2-propanol provided the crude crystalline VI, m.p. 271—-273°. There 
was no depression of the melting point upon melting a mixture of this 
product with the pure VI, m.p. 280-282°, prepared below by saponifica- 
tion of the acetate from adrenal perfusion. 
118-Hydroxy-17-ethynyltestosterone (VI from III)—A solution of 3.80 
gm. of crude amorphous 3-ethoxy-17-hydroxy-17a-ethynylandrosta-3 , 5- 
dien-1l-one, prepared as an intermediate in the synthesis of V above, in 
60 ml. of purified dioxane, was added dropwise with stirring to a suspen- 
sion of 4.0 gm. of lithium aluminum hydride in 600 ml. of anhydrous ether. 
The mixture was heated under a reflux for 6 hours, stirred at room tempera- 
ture overnight, and the excess hydride decomposed with 35 ml. of ethy! 
acetate followed by 10 ml. of water. The mixture was stirred with the 
addition of aqueous 12 per cent hydrochloric acid until the lithium and 
aluminum salts were dissolved and extracted with ether-ethyl acetate 
(1:1). The combined extracts were washed until neutral, dried over 
sodium sulfate, filtered, and the solvents removed in vacuo. The residual 
light yellow gum, 4.1 gm., was dissolved in 135 ml. of methanol, diluted 
with 15 ml. of aqueous 0.25 n hydrochloric acid, and stored at room tem- 
perature for 2 days. The solution was neutralized with ammonium 
hydroxide, most of the methanol removed in vacuo, and the residue, after 
being diluted with 20 parts of water, was extracted twice with ethy! 
acetate. The combined extracts were washed with sodium carbonate and 
water, dried over sodium sulfate, filtered, and distilled under a vacuum. 
The residue, crystallized from acetone, furnished 690 mg. of crude VI, 
m.p. 275-278°, and chromatography on silica provided 500 mg., m.p. 
277-278°. This product proved to be identical with the pure specimen 
obtained below by the saponification of the acetate from adrenal perfusion. 
118-Hydroxy-17-ethynyltestosterone 17B8-Acetate (VIb from XI); Adrenal 
Perfusion—The steroid substrate, 17-ethynyltestosterone acetate, was 
prepared by the method of Ruzicka and Meldahl (9), m.p. 163-165°, [al;’ 
+27°. The adrenal perfusion was carried out as previously described 
(2), 1.0 gm. of the above steroid substrate? being used, 10 liters of 1:1 


2 Earlier perfusions with 17-ethynyltestosterone gave poor results, due to the 
extreme insolubility of this material in the media employed. 
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beef blood Tyrode’s (Cat*-free) solution, ten beef adrenal glands, and 3 
cycles lasting a total of 140 minutes. The isopropyl acetate extracts 
gave a dry residue of 963 mg. which was chromatographed on 96 gm. of 
silica gel. Elution with 9:1 benzene-ethyl acetate gave 560 mg. of crude 
starting steroid, and elution with 4:1 benzene-ethyl acetate provided 165 
mg. of crude product, m.p. 160-173°. Two crystallizations from ethyl 
acetate-petroleum ether yielded 136 mg. of pure 118-hydroxy-17-ethyny]l- 
testosterone 178-acetate (VIb), m.p. 178-179.5°. The product exhibits 
dimorphism. From ethyl acetate was obtained one crystalline form, m.p. 
228-231°, [a]? +60° (chloroform), and from ethyl acetate-petroleum 
ether the other form, m.p. 178-179.5°, [a]2’ +60° (chloroform), €2420 = 
15,800; infrared spectrum 2.78, 3.02, 5.76, 6.05, 6.20, 7.30, 7.98, and 9.80 u 
(2 per cent in chloroform). 


Co3H 3004. Calculated, C 74.54, H 8.16; found, C 74.30, H 8.42 


118-Hydroxy-17-ethynyltestosterone (VI from VIb)—A solution of 508 
mg. of the 17-acetate (VIb), obtained by adrenal perfusion above, in 40 
ml. of methanol, was treated with 10 ml. of aqueous 10 per cent potassium 
carbonate, stored at room temperature for 2 hours, and then heated under 
a reflux for 1 hour. The reaction mixture was cooled, acidified with 
acetic acid, and diluted with water. The precipitated product was col- 
lected, washed with water, and dried to give 0.44 gm. of crude VI, m.p. 
273-276°. Crystallization from 2-propanol provided pure VI, m.p. 
280-282°, fa}?* +62° (methanol), e420 = 16,000; infrared spectrum 2.74, 
2.91, 3.03, 6.05, 6.19, 8.10, 8.85, and 9.38 yu. 


Co,HesO;3. Calculated, C 76.79, H 8.59; found, C 76.66, H 8.53 


There was no depression in the melting point of mixtures of this bio- 
chemical product with the synthetic product formed by two different 
routes above. 

An independent proof of structure was obtained by oxidation of 210 mg. 
of the hydrolyzed perfusion product (VI) with chromic acid to yield 
170 mg. of adrenosterone (I), m.p. 224—-227°, recrystallized, m.p. 226.5— 
228.5°. A mixture melting point with authentic adrenosterone (6) was 
undepressed. 

11-Keto-17-vinyltestosterone (VII from V)—A solution of 4.04 gm. of 
11-keto-17-ethynyltestosterone, m.p. 283-289°, in 200 ml. of pyridine and 
50 ml. of dioxane was shaken under | atmosphere of hydrogen over 3 gm. 
of 5 per cent palladium on calcium carbonate. The hydrogen uptake was 
380 ml. in 20 minutes (theoretical uptake 343 ml.). The catalyst was 
removed by filtration and the filtrate diluted with 500 ml. of ethyl acetate, 
washed with dilute hydrochloric acid, dilute sodium carbonate, and with 
saturated sodium chloride solution. The extracts were dried over sodium 
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sulfate and evaporated in vacuo. Upon crystallization from ethy] acetate, 
the residue yielded three crops weighing 2.82 gm., the poorest having a 
melting point of 154-155°. Chromatographic purification of the mother 
liquors on silica gel provided an additional 0.90 gm. of product. Recrystal- 
lization from acetone gave pure VII, m.p. 160—-160.5°, [a};* +167° (dioxane), 
€2375 = 16,000; infrared spectrum 2.88, 5.85, 6.03, 6.20, 9.68, and 10.48 yg. 


CH.sO;. Calculated, C 76.79, H 8.59; found, C 76.93, H 8.44 


118-Hydroxy-17-vinyltestosterone (VIII from VI)—A solution of 260 mg. 
of 116-hydroxy-17-ethynyltestosterone in 25 ml. of pyridine and 10 ml. of 
dioxane was shaken with 500 mg. of 5 per cent palladium on calcium 
carbonate under 1 atmosphere of hydrogen. The hydrogen uptake was 
25 ml. (theory 22 ml.). The catalyst was removed by filtration and the 
filtrate processed as in the preceding preparation to give 262 mg. of crude 
product which upon recrystallization from acetone furnished pure VIII, 
m.p. 184-185°, identical with that obtained below via adrenal perfusion. 

118-H ydroxy-17-vinyltestosterone 17-acetate (VIIIb from VIb)—Catalytic 
hydrogenation in pyridine-dioxane of 1.27 gm. of 118-hydroxy-17-ethyny]- 
testosterone 17-acetate by a procedure essentially as described above for the 
reduction of the 11-keto-17-ethynyl derivative (VII from V) produced 
1.25 gm. of crude product. Crystallization from acetone-petroleum ether 
gave pure VIIIb, m.p. 200-201°, identical with that produced below by 
adrenal perfusion of the 17a-vinyl-17-acetate. 


118-Hydroxy-17-vinyltestosterone 17-Acetate (VIIIb from XII); Adrenal 


Perfusion—The_ steroid substrate, 17-vinyltestosterone acetate, was 
prepared by the method of Prins and Reichstein (10), m.p. 121-123°. An 
adrenal perfusion was carried out as previously described (2), 1.0 gm. of 
the above steroid substrate being used, 10 liters of 1:1 beef blood Tyrode’s 
(Cat++-free) solution, ten beef adrenal glands, and 2.1 cycles lasting a 
total of 300 minutes. The isopropyl acetate extracts yielded a dry residue 
weighing 933 mg. which was subjected to chromatography on 94 gm. of 
silica gel. Elution with 9:1 benzene-ethyl acetate and recrystallization 
provided recovery of 67 mg. of the starting steroid XII, m.p. 121—123°. 
Elution with 2:1 benzene-ethyl acetate gave 67 mg. of very crude product 
which, upon two crystallizations from ethyl acetate, furnished pure VIIIb, 
m.p. 200-202°, [al];* +117° (acetone), e410 = 15,200; infrared spectrum 
2.97, 5.76, 6.06, 6.22, 8.00, 9.58, and 9.88 yu. 


C2,H320,. Caleulated, C 74.16, H 8.66; found, C 74.15, H 8.83 
118-Hydroxy-17-vinyltestosterone (VIII from VIIIb)—Saponification of 


740 mg. of the 178-acetate (VIIIb) was accomplished by heating under a 
reflux in an atmosphere of nitrogen for 1 hour in 48 ml. of aqueous 80 per 
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cent methanol containing 800 mg. of potassium carbonate. The crude 
product crystallized from acetone-petroleum ether to give 590 mg. of 
crude product, m.p. 175-179°. Three erystallizations from acetone- 
ether provided pure VIII, m.p. 184-185°, [a]?! +119° (dioxane), e429 = 
15,000; infrared spectrum 2.92, 2.99, 6.04, 6.20, 8.10, 9.79, and 10.84 yp. 


CoH yO... Caleulated, C 76.32, H 9.15; found, C 76.49, H 9.06 


11-Keto-17-ethyltestosterone (IX from V)—A solution of 2.0 gm. of 
11-keto-17-ethynyltestosterone in 200 ml. of purified dioxane was shaken 
for 3 hours under 1 atmosphere of hydrogen with 0.40 gm. of 5 per cent 
palladium on charcoal (Baker’s, activity No. 950). The hydrogen uptake 
was 312 ml. (theory 310 ml.). Filtration served to separate the catalyst, 
and the dioxane was removed by vacuum distillation, the final 30 ml. being 
removed azeotropically with toluene under a vacuum. The residue was 
crystallized from 1:6 methanol-ether to give 1.10 gm. of crude LX, m.p. 
80-83°. The mother liquors were not investigated, but upon chromatog- 
raphy they would probably furnish additional product. Crystallization 
from methanol-ether afforded pure LX, m.p. 82.5-84°, [a}?? +182° (chloro- 
form), €23390 = 14,300; infrared spectrum 2.84, 5.86, 6.01, and 6.20 u. 


Co,HyoO3. Calculated, C 76.32, H 9.15; found, C 76.25, H 8.87 


118-Hydroxy-17-ethyltestosterone (X from VI)—A solution of 1.0 gm. 
of 118-hydroxy-17-ethynyltestosterone in 125 ml. of purified dioxane was 
shaken for 2 hours under 1 atmosphere of hydrogen with 0.35 gm. of 5 
per cent palladium on charcoal (Baker’s, activity No. 965). The hydrogen 
uptake was 178 ml. (theory 178 ml.). Filtration served to separate the 
catalyst, and the dioxane was removed by vacuum distillation, the final 
10 ml. being removed azeotropically with toluene under a vacuum. The 
residue was crystallized from ethyl acetate to yield 706 mg. of crude X, 
m.p. 185-189°. Three crystallizations alternately from acetone and 
ethyl acetate provided pure’ 118-hydroxy-17-ethyltestosterone, m.p. 
195-196°, [a]? +107.5° (chloroform), e420 = 14,400; infrared spectrum 
2.85 (shoulder), 2.89, 6.06, and 6.20 u. 


Cy, HwOs. Calculated, C 75.86, H 9.70; found, C 75.47, H 9.88 


DISCUSSION 


The best approach to the ethynylation of 11-oxygenated steroids which 
could be readily converted to compounds possessing the physiologically 
important 4-en-3-one system appeared to be ethynylation of the 3 ,5-diene- 
3-enol ethers. The successful conversion of the 3-enol ether of androst- 
4-ene-3 ,17-dione to 17-ethynyltestosterone by use of potassium acetylide 
in liquid ammonia has been reported (11, 12), and from these findings it 
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was assumed that, if an improved method for preparing the 3 ,5-diene-3- 
enol ether of adrenosterone and of 118-hydroxyandrost-4-ene-3, 17- 
dione could be found, the enol ethers could be ethynylated in ether-benzene 
by use of potassium fert-amylate according to the excellent method of 
Stavely (13). The earliest published procedure for preparing the 3-enol 
ethers of steroidal 4-en-3-ones is that of Serini and Késter (14), by use of 
ethyl orthoformate and hydrochloric acid at elevated temperatures. 
Under these conditions the 17-ketone position in our starting steroids would 
be vulnerable to unwanted diethy!] ketal formation and the 116-hydroxy] 
subject to possible loss by dehydration. Thus we sought a milder method. 
In 1952 Hershberg and coworkers (15) reported the conversion of cortisone 
acetate to its 3-enol ether in good yield, employing ethyl orthoformate in 
dioxane-ethanol solution with sulfuric acid catalyst at 31° for 15 minutes. 
In our hands this procedure with adrenosterone yielded an undesirably 
large fraction of the 17-diethyl ketal. By employing Hershberg’s method, 
substituting p-toluenesulfonic acid as the catalyst and allowing 30 minutes 
to 1 hour at room temperature for the reaction, good yields of 3-ethoxyan- 
drosta-3 ,5-diene-11,17-dione were obtained from adrenosterone. Sub- 
sequent to our studies, the preparation of this compound was presented 
by Bernstein et al. (16). These workers, after using hydrochloric acid 
catalyst in refluxing ethanol-benzene, experienced difficulty in the purifica- 
tion of the product by direct crystallization, the final yield of pure product 
being low. The agreement in physical constants between the two prepa- 
rations is excellent. 

It was our experience that the chromatographed 3-enol ether of adrenos- 
terone gave good results when used directly in the ethynylation reaction. 
Our modified Hershberg method for the formation of enol ethers was 
applied to 118-hydroxyandrost-4-ene-3 ,17-dione, and the crude 3-enol 
ether used directly for the preparation of 118-hydroxy-17-ethynyltestos- 
terone with no isolation of intermediates. The transformation was success- 
ful, but the yield was low. 

The synthesis of the compounds reported provides starting materials 
for the preparation of products difficultly accessible by other routes. 
They would appear to have considerable utility as starting materials for 
compounds related to the adrenocortical hormones but having a 17-iso 
side chain. 

The results from the adrenal perfusion of 17-ethynyltestosterone 17,- 
acetate and 17-vinyltestosterone 178-acetate present several points of 
interest. The original work in the field of adrenal perfusion of steroids 
(1) was concerned primarily with the transformations of compounds which 
are naturally occurring in the mammalian body. The only synthetic 
steroid studied was 17-vinyltestosterone which did not give evidence of 
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118-hydroxylation.? We chose to study the transformation of the 17- 
acetylated compounds due to the greater solubility of these derivatives in 
the perfusion media. The conversion of these compounds to the 11£- 
| hydroxy derivatives demonstrates the ability of the hydroxylating enzymes 
| to utilize unnatural steroids as substrates. 

The survival of the tertiary acetate function during perfusion is worthy 
of comment. The early work (17) demonstrated that perfusion of deoxy- 
corticosterone acetate (21l-acetoxypregn-4-ene-3 ,20-dione) resulted in 
corticosterone (118 ,21-dihydroxypregn-4-ene-3 ,20-dione), the ester group 
apparently being biologically cleaved in the course of the perfusion. Stud- 
ies in this laboratory’ have demonstrated that acetates of steroid primary 
and secondary alcohols are hydrolyzed during the course of perfusion. 
In contrast to this situation, the acetates of steroid tertiary alcohols 
appear to be quite resistant to hydrolysis under perfusion conditions. 

The hydrolysis of steroid 21-acetates has been demonstrated with 
several physiological systems. The removal of the ester function of 
deoxycorticosterone acetate by cholinesterases had been accomplished by 
Zeller and coworkers (18). The presence of cholinesterase in the adrenal 
gland has been shown by earlier workers (19). The use of cholinesterase 
from red cells to hydrolyze 16a,21-dihydroxypregn-4-ene-3 ,20-dione, 
2l-acetate has been reported (20). The hydrolysis of the 2l-acetates of 
three adrenocortical steroids by bovine albumin was recently discovered 
(21). Plant enzymes (citrus acetylase) have been employed to hydrolyze 
aldosterone acetate (22). 

In view of the abundance of cholinesterase and bovine albumin as 
components of the perfusion system, it is not surprising that acetates of 
steroid primary and secondary alcohols are hydrolyzed in perfusion studies. 
The fact that the acetate of steroid tertiary alcohol is more stable is prob- 
ably due to the more sterically hindered nature of these derivatives. 

The biological activities of these compounds were determined in a 
number of routine assay procedures.’ In a group of tests, 118-hydroxy- 
17-ethynyltestosterone 17-acetate showed no androgenic or estrogenic 
activity. It had some progesterone-like activity as judged by ovulation 
inhibition in rabbits, but was less active than 17-ethynyltestosterone. 
118-Hydroxy-17-ethyltestosterone also was lacking in androgenic effects 
and, when combined with testosterone, did not inhibit the effect of the 


*A private communication from the Worcester Foundation for Experimental 
Biology stated that this experiment was a 1 cycle perfusion and that more intensive 
study of the perfusate may reveal transformation products formed in low yield. 

* Unpublished results. 

®*We are indebted to Dr. Gregory Pincus, Worcester Foundation for Experi- 
mental Biology, Shrewsbury, Massachusetts, for some of these biological assays. 
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latter compound on the seminal vesicles of the rat or the comb of the 
chick. On the other hand, 11-keto-17-ethyltestosterone was not andro- 
genic, but in preliminary assays showed some antiandrogenic properties, 
with inhibition of the effects of testosterone on the seminal vesicle of the 
castrated rat and on the comb of the chick. 


SUMMARY 


The 118-hydroxylation of two synthetic steroids, 17-ethynyltestosterone 
17B-acetate and 17-vinyltestosterone 178-acetate, by perfusion through 
surviving bovine adrenal glands has been demonstrated. By routes 
which employ this biochemical hydroxylation and independently by 
chemical routes, the following new steroids were prepared: 17-ethynyl, 
17-vinyl, and 17-ethyl derivatives of 118-hydroxytestosterone, and, by 
chemical synthesis, 17-ethynyl, 17-vinyl, and 17-ethyl derivatives of 
11-ketotestosterone. The results of some biological testing of these new 
compounds are given. 
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FATTY ACID INTERCONVERSIONS IN LACTOBACILLI* 
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Previous communications from this laboratory (1-5) have dealt with the 
fatty acid composition of bacterial lipides. These investigations, which 
were based both upon large scale isolation studies and upon quantitative 
chromatographic analyses, have demonstrated beyond reasonable doubt 
that cis-vaccenic, palmitic, and lactobacillic acids are the major fatty acid 
components of the lipides of Lactobacillus arabinosus and Lactobacillus 
casei. Minor proportions of capric, lauric, myristic, and stearic acids were 
present also. Oleic acid, if it occurs at all in the lipides of these organisms, 
is at most a very minor constituent. Chromatographic analysis of the 
fatty acids of Lactobacillus delbrueckii (5) revealed the presence of major pro- 
portions of monounsaturated fatty acids (cis-vaccenic acid), palmitic acid, 
and a microbiologically active, saturated fatty acid (lactobacillic acid). 
Indeed the fatty acid spectrum of this organism is similar to those of L. 
arabinosus and L. casei. Evidently, these lactic acid organisms have the 
ability to synthesize the various fatty acids, since the media employed in 
their cultivation were essentially free from lipides. Biotin seems to be 
implicated in the biosynthesis of cis-vaccenic acid and possibly in that of 
lactobacillic acid, since both acids have a marked sparing action upon the 
biotin requirements of the organisms. The experiments which are the 
subject of the present communication demonstrate the existence of a close 
metabolic relationship between the unsaturated and the microbiologically 
active, saturated fatty acids in L. delbrueckii. In addition, they provide 
preliminary evidence in regard to a plausible route explaining the biosyn- 
thesis of the cyclopropane ring in lactobacillie acid. | 

live batches of L. delbrueckii cells were produced under carefully stand- 
ardized conditions. Cultures I and II (serving as controls) were grown 
on a medium containing biotin, in the presence and absence of Tween 40 
(polyoxyethylenesorbitan monopalmitate). Biotin was omitted from the 
media of the other cultures and was replaced respectively by oleic acid 
(Culture III), cis-vaccenic acid (Culture IV), and lactobacillic acid (Cul- 
ture V). The cells from each culture were collected, washed, and dried, 


* Supported by grants from the American Cancer Society, recommended by the 
Committee on Growth of the National Research Council, the United States Public 
Health Service, and Ciba Pharmaceutical Products, Inc., Summit, New Jersey. 
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and their biotin and totai fatty acid contents were determined. The fatty 
acid mixture from each culture was then analyzed for certain individual 
components (5). 


EXPERIMENTAL 


Materials—Highly purified oleic acid was obtained from the Hormel 
Foundation; the cis-vaccenic acid was synthesized (2), and the lactobacillic 


acid was isolated from Agrobacterium tumefaciens (4). The Tween 40 was — 
a gift from the Atlas Powder Company, and Dr. H. P. Broquist, Lederle — 
Laboratories Division of the American Cyanamid Company, provided the 

culture of L. delbrueckii 9649. L. arabinosus 8014 was obtained from the | 


American Type Culture Collection. 


Media—The medium of Craig and Snell (6) was modified as follows, — 
The enzymatic casein digest and the acid-hydrolyzed casein were substi- — 
tuted by casein hydrolysate, Squibb (5 gm. per liter of single strength me- — 


dium), for the large cultures. For the assay media, a casein hydrolysate! 
(5 ml. per 100 ml. of single strength medium) was employed. Tween 40, 
oleic acid, and biotin were omitted, and calcium pantothenate (0.6 mg. 
per liter, single. strength medium) was added. The following additions 
(per liter of basal medium) were made to grow the various batches of cells: 


biotin (3 y) for Culture I; biotin (3 y) plus Tween 40 (1.4 gm.) for Culture © 


IT; oleic acid (40 mg.) plus Tween 40 (1.4 gm.) for Culture ITT; ezs-vaccenic 
acid (62.2 mg.) plus Tween 40 (1.4 gm.) for Culture IV; and lactobacillic 


acid (46.8 mg.) plus Tween 40 (1.4 gm.) for Culture V. The fatty acids | 


were dissolved in the Tween, and the resulting solution was added to the 
basal medium with stirring. All media were adjusted to pH 6.5 to 6.8 


with sodium hydroxide and were sterilized by autoclaving for 15 minutes | 


at 121°. 

Culture Methods—The following procedures were employed to grow the 
various batches of cells cited above. Stock cultures of L. delbrueckii were 
maintained in tubes on basal medium (100 ml.), Eli Lilly liver extract (10 
mg.), Difco yeast extract (50 mg.), biotin (0.3 y), agar (2 gm.), and Tween 
40 (100 mg.). To prepare an inoculum, the bacteria were transferred from 
a stock culture into a tube containing 10 ml. of the fortified medium minus 
agar, and the culture was incubated for 24 hours at 33-35°. The cells 
were collected by centrifugation at 2500 r.p.m., and the supernatant fluid 
was removed aseptically. The cells were washed aseptically with eight 
10 ml. portions of 0.85 per cent sodium chloride and were resuspended in 
10 ml. of 0.85 per cent saline. Aliquots of this suspension (1.5 ml. each) 
served to inoculate four Erlenmeyer flasks, each containing 150 ml. of the 


* Vitamin-free’’ casein hydrolysate, General Biochemicals, Ine., Chagrin Falls, 
Ohio. 
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desired sterile medium. After an incubation time of 48 hours at 33-35°, 
each culture was added to one of four 5 liter, round-bottomed flasks con- 
taining 3.25 liters of the same sterile medium. The flasks were incubated 
for 48 hours at 33-35°, and the cells were collected in a Sharples super- 


TABLE I 
Fatty Acid Composition of L. delbrueckii Cells Cultivated on Various Media* 
Per cent | Biotin Composition of total fatty acids, per cent 
Calture gotal | content 
acids Pet sm. Cio Ci Cu Crs Cish Cisl] 
I 1.8 1.3 | 45.5 0.5 1.1 | 2.5 | 27.5 | 17.2 | 10.8 | 6.4 | 94.3 
II 3.3 1.7) 19.8 | 1.3 1.5 | 2.9 | 45.8 | 23.8 | 14.4|9.4 | 95.1 
q 3.3 25.4) 0.3 0.6 | 1.4 | 60.0) 10.0 
III 3.6 <0.1 | 24.9 | 1.2 1.6 | 3.5 | 46.2 | 16.9 27 .3**| 94.3 
IV 2.9 <0.1 | 24.3 O. 2.0 | 1.4 | 38.5 | 20.6} 2.3 |18.3 | 87.5 
V 2.6 <0.1 | Nil | Trace | Trace | 2.4 | 42.0 | 41.3 | 8.7 (32.6 | 85.7 


* See Hofmann et al. (5) for a definition of the various chromatographic fractions. 

t The “‘dihydroxy”’ column is a measure of the monounsaturated C,. and Cis acid 
content of the total fatty acids. The exact chemical nature of these unsaturated 
fatty acids remains to be established. By analogy with three well authenticated 
examples (1, 2, 4), it seems highly probable that the high melting isomer of 11, 12-di- 
hydroxyoctadecanoic acid (derived from cis-vaccenic acid) makes up the bulk of the 
dihydroxy fraction derived from the Culture I, II, and IV cells. A mixture of the 
high melting isomers of 9,10-dihydroxy- and 11,12-dihydroxyoctadecanoie acids is 
most likely present in the dihydroxy fraction derived from the Culture III cells. 

t The chromatographic method fails to separate stearic acid from lactobacillic 
acid, and the figures in the (Cis + Ci9) column represent the proportion of both 
compounds in the total fatty acids. 

§ The stearic acid content of the fatty acid mixtures (C;s column) was calculated 
(5). 

|| The Cy, column expresses the proportion of microbiologically active saturated 
fatty acids (lactobacillic acid) in the fatty acid mixture. It is determined by L. 
delbrueckii assay of the (Cys + Cys) eluates. 

{ Calculated figures (see the text). 

** See the text for an explanation of this figure. 


centrifuge at 50,000 r.p.m. and washed with 20 liters of distilled water. 
The washed cells were lyophilized and dried to constant weight over phos- 
phorus pentoxide in vacuo at room temperature. The yield of dry cells per 
liter of medium was 1.0 to 1.2 gm. All the cultures were examined for 
contamination. 

Isolation of Fatty Acids—The dry cells (10 gm.) were mixed with 95 per 
cent ethanol (100 ml.) and water (60 ml.), and potassium hydroxide pellets 
(9 gm.) were added. The mixture was refluxed under nitrogen for 5 hours. 


l 
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The bulk of the ethanol was removed in vacuo, the residue was extracted 
with ether, and the ether extracts were discarded. The aqueous phase 
was acidified with hydrochloric acid, and the fatty acids were isolated in 
the usual manner and dried to constant weight over phosphorus pentoxide 
an vacuo at room temperature. Suitable aliquots were hydroxylated with 
performic acid before application of chromatography (5). 

Analytical Procedures—Yor determination of their biotin content, the 
dry bacterial cells (1 gm.) were autoclaved with 6 N sulfuric acid at 121° 
for 2.5 hours. The cooled hydrolysates were adjusted to pH 6.8 to 6.9 
with concentrated sodium hydroxide and diluted to a volume of 100 ml. 
with distilled water. Suitable aliquots of this solution were assayed with 
L. arabinosus (7). Individual fatty acids were determined chromato- 
graphically on suitable aliquots of the hydroxylated fatty acid mixtures by 
a method recently described (5).2. The Cy acid content of the (Cy + 
Cyy) fractions was determined microbiologically with L. delbrueckii and the 
stearic acid content was calculated (5). All determinations were per- 
formed in duplicate, and the figures in Table I are averages. 


RESULTS AND DISCUSSION 


The results of the analytical evaluation of the various batches of L. 
delbrueckii cells are summarized in Table I. Since this organism requires 
Tween 40 for maximal growth in the presence of unsaturated long chain 
fatty acids (8), the effect of Tween 40 upon the fatty acid spectrum was 
evaluated first. A comparison of the composition of the biotin cells (Culture 
I) with that of the biotin plus Tween 40 cells (Culture I1) demonstrates 
that the total fatty acid content of the latter is almost twice that of the 
former. An inspection of the fatty acid spectra reveals a markedly higher 
palmitic acid content of the Tween 40 cells, but an increase in the (Cys + 
Cig) and the Cyy fractions is apparent also. The ‘‘dihydroxy”’ fraction is 
lower than that of the controls. The marked increase in the fatty acid 
content of the Tween cells may be the result of adsorption of this substance 
to the cell surface; it may reflect increased fatty acid biosynthesis by the 
bacteria, or both. If the increase in total fatty acids is indeed solely the 
result of Tween 40 adsorption, then the composition of the Culture IT cells 
is easily calculated because the increase in the total fatty acid content over 
that of the Culture I cells must be due to palmitic acid arising from the 
Tween. A comparison of values thus calculated (third line, Table I) with 
those determined experimentally reveals marked deviations. The palmitic 
and dihydroxy acid fractions are much lower than would be predicted, and 
the (Cys + Cis) fraction is significantly higher. Thus, it is apparent that 


2 We wish toexpress our thanks to Mr. J. F. Frank, 120 Wall Street, New York 5, 
New York, who supplied the vulcanized Hevea rubber, Mealorub. 
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adsorption of Tween 40 alone fails to account for the experimentally ob- 
served increase in the fatty acid content of the Tween cells. In the ab- 
sence of either biotin or microbiologically active fatty acids, the Tween 
exerts no growth-promoting activity for L. delbrueckii (9). Our findings 
suggest that Tween 40 stimulates fatty acid biosynthesis when added to a 
lipide-free, biotin-containing medium of L. delbrueckii. This compound 
does not seem to be so inert metabolically as has been generally supposed. 

The biotin content of the cells grown on the various fatty acids (Cultures 
III to V) was significantly lower than that of the biotin cells. These re- 
sults support previous conclusions that the growth-promoting effects of 
the fatty acids cannot be attributed to their serving as precursors for biotin 
biosynthesis by these organisms. Trace amounts of biotin (below the 
limits amenable to quantitative determination) are always present in the 
fatty acid-grown cells. The metabolic significance of these trace amounts 
of the vitamin remains to be established. 

The substitution of biotin by ezs-vaccenic acid (Culture LV), although 
not significantly affecting the dihydroxy acid level, practically doubles the 
Cy, acid content of the bacteria. The proportion of stearic acid in the czs- 
vaccenic acid cells is low compared to that of the biotin cells. The replace- 
ment of biotin by oleic acid (Culture III) does not markedly lower the 
dihydroxy acid content, but brings about a most interesting change in the 
Cyy fraction. The proportion of the (Cys + Cis) fraction is lower than that 
of the biotin or ezs-vaccenic acid cells; however, when assayed with L. 
delbrueckii, this fraction exhibited a microbiological activity which was 
(according to weight) 1.6 times that of pure lactobacillic acid. It must be 
concluded that oleic acid stimulates L. delbrueckii to produce a “saturated” 
fatty acid exhibiting a higher microbiological activity than that of lacto- 
bacillic acid. Most remarkable was the composition of the fatty acid 
mixture derived from the lactobacillic acid cells (Culture V). With our 
analytical procedure, we were unable to demonstrate the presence of dihy- 
droxy fatty acids in these lipides. As was to be expected, the (Cig + 
Cy) and Cy, contents of these cells were higher than those of the biotin 
plus Tween cells; the palmitic acid content was not significantly different. 
Similar analyses of L. arabinosus cells, grown on lactobacillie acid plus 
ween 40, afforded an identical picture. Here again, dihydroxy fatty 
acids were not detectable by our method of analysis. 

The results of this investigation point to a close metabolic relationship 
between ezs-vaccenic and lactobacillic acids. The observation that lacto- 
bacillic acid-grown cells of L. delbrueckii and L. arabinosus are devoid of 
monounsaturated fatty acids (these represent the major proportion of the 
fatty acids of biotin-grown cells) suggests that e7s-vaccenic acid may be a 


* Hofmann, K., Henis, D. B., and Panos, C., unpublished results. 
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precursor for lactobacillic acid biosynthesis. The marked increase in the 
Ci9 fraction of the cells grown on cis-vaccenic acid offers additional support 
for this postulate. Our findings suggest further that, in the presence of 
suboptimal amounts of biotin, L. delbrueckii and L. arabinosus do not seem 
to depend upon unsaturated octadecanoic acids for normal growth and 
metabolism when lactobacillic acid is provided in the medium. Possibly, 
the biosynthesis of the latter acid may involve the addition of a ‘‘C,” 
fragment to the double bond of cis-vaccenic acid. 

In a previous communication, we have discussed the microbiological 
activity of a number of unsaturated and cyclopropane fatty acids for var- 
ious lactobacilli (10). L. delbrueckii was among the organisms investigated. 
It was observed that, with this organism, octadecanoic acids possessing a 
double bond (or a cyclopropane ring) in the 9,10 position exhibited a 
considerably higher growth-promoting activity than did similar analogues 
possessing the same functions in the 11,12 position. For example, 9, 10- 
methyleneoctadecanoic acid (dihydrosterculic acid) exhibited 1.4 times the 
growth-promoting activity of lactobacillic acid, known to possess an 11, 12- 
methylene bridge (11). The observation that the oleic acid-grown cells 
elaborate a saturated fatty acid with higher microbiological activity than 
that of lactobacillic acid has been mentioned. Oleic acid may serve as the 
precursor for the formation of a lactobacillic acid analogue containing the 
cyclopropane ring in the 9,10 position. Irom our previous findings, such 
a substance would be expected to possess a higher degree of microbiological 
activity than lactobacillic acid. 


SUMMARY 


The relationship between certain alterations in the composition of the 
culture medium and the fatty acid spectrum of Lactobacillus delbrueckii 
was explored. ‘Tween 40 was found to stimulate fatty acid synthesis by 
the organism when added to a medium adequate for growth. A metabolic 
relationship was observed between c7s-vaccenic acid and a microbiologically 
active, saturated fatty acid (lactobacillic acid). It was found that Lacto- 
bacillus delbrueckii and Lactobacillus arabinosus fail to elaborate unsaturated 
octadecanoic acids when lactobacillic acid was supplied in their media. 
These results are discussed and a route for lactobacillic acid biosynthesis 
is proposed which involves the addition of a ““C,” fragment to the double 
bond of cis-vaccenic acid. 
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ISOLATION OF URIDINE DIPHOSPHATE N-ACETYLGLUCOS- 
AMINE AND URIDINE DIPHOSPHATE GLUCURONIC 
ACID FROM MUNG BEAN SEEDLINGS* 


By J. SOLMS anv W. Z. HASSID 


(From the Department of Agricultural Biochemistry, College of Agriculture, 
University of California, Berkeley, California) 


(Received for publication, April 12, 1957) 


It has been shown previously (1) that mung bean seedlings (Phaseolus 
aureus) contain uridine diphosphate derivatives of p-glucose, p-galactose, 
p-xylose, and L-arabinose. These seedlings, as well as a number of other 
higher plants, also contain enzymatic systems capable of catalyzing the 
reversible formation of sugar nucleotides from UTP! and various monosac- 
charide 1-phosphates (2, 3) according to the reaction 


UTP + sugar 1-phosphate — UDP-sugar + pyrophosphate 


While UDP-acetylglucosamine is known to exist in Penicillium, yeast, and 
animal tissues (4-11), and UDP-glucuronic acid in liver tissue (5, 6, 12), 
the occurrence of these nucleotides in higher plants has hitherto been 
unknown. Ina preliminary communication (13) is reported the isolation 
of these two nucleotides from mung bean seedlings. ‘This paper presents a 
more detailed description of the isolation of UDP-acetylglucosamine and 
UDP-glucuronic acid from these plants. 


Isolation of Nucleotides 


The nucleotides were isolated by methods similar to those described by 
Cabib et al. (4) and Ginsburg eé al. (1). 10.3 kilos of 5 day-old mung bean 
seedlings? were hydrolyzed in several batches with 7 liters of 95 per cent 
ethanol in a Waring blendor. The suspension was quickly heated to 
boiling, allowed to stand for 12 hours at room temperature, and filtered 
through cheesecloth, and the filtrate was centrifuged. The supernatant 
liquid was decanted, acidified with 5 N nitric acid to pH 2.5, and thoroughly 


* This work was supported in part by a grant (No. A1418) from the United States 
Publie Health Service and a research contract with the United States Atomic Energy 
Commission. 

' The following abbreviations are used: UTP for uridine triphosphate, UDP for 
uridine diphosphate, UMP for uridine monophosphate, UDP-acetylglucosamine for 
uridine diphosphate N-acetylglucosamine, UDP-glucuronie acid for uridine diphos- 
phate p-glucuronic acid, UDPG for uridine diphosphate p-glucose, DPN for diphos- 
phopyridine nucleotide. 

2 Obtained from a local grocer. 
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mixed with 1350 ml. of mercuric acetate solution (14). The resulting 
precipitate, containing the nucleotides, was centrifuged, suspended in 
300 ml. of water, and decomposed by bubbling hydrogen sulfide through 
the suspension for 4 hours with vigorous stirring. The mixture was then 
aerated for 1 hour and centrifuged. After the supernatant liquid was 
decanted and neutralized with concentrated ammonium hydroxide, 2.5 
liters of extract were obtained. Both the precipitation and decomposition 
operations were carried out at 0°. The nucleotide content of the extract 
was determined by measuring the optical density at 260 my and the spec- 
trum in the range of 220 to 320 mug, by using a Process and Instruments 
recording spectrophotometer*? model RS3 (15). The extract showed an 
optical density of 38.0 at 260 mu. 

Since the extract was dark in color and appeared to contain a consider- 
able amount of impurities which had a high affinity for Dowex 1 resin, 
the solution was first percolated at 4° through a small column of this 
resin in the chloride form (2 per cent cross-linked, 200 to 400 mesh) measur- 
ing 4.0 em. in diameter and 10 cm. in height. After the solution was 
percolated two more times through the same column, the resulting solu- 
tion was clear and showed an optical density of 23.0 at 260 mp. How- 
ever, a comparison of the spectra of the solutions before and after percola- 
tion showed that no compounds with a maximum at 260 my were adsorbed 
on the column; the removed compounds therefore appeared to be non- 
nucleotide components with a much higher affinity for the Dowex | resin 
than the nucleotides. 

The purified solution was now passed through a larger column of Dowex | 
resin (2 per cent cross-linked, 200 to 400 mesh) measuring 4.5 em. in 
diameter and 35 em. in height. Approximately 75 per cent of the nu- 
cleotides were adsorbed on the column. The column was washed with 
distilled water until the optical density of the eluate at 260 my fell below 
0.1 and then eluted at 4° with 0.01 N hydrochloric acid, containing in- 
creasing amounts of sodium chloride, at the rate of 1 to 2 ml. per minute. 
The eluate was collected in 500 ml. fractions. The elution of the nucle- 
otides was followed by measuring the spectra of the different fractions as 
described above. 240 fractions of 500 ml. showing ten different absorption 
peaks were collected, and the fractions falling under the same peak were 
pooled into ten nucleotide fractions corresponding to the ten observed 
peaks. Each of these nucleotide fractions was concentrated by adsorp- 
tion on a small charcoal column, measuring 1 cm. in diameter and 5 to 
12 cm. in height (prewashed with acetic acid and water), and the column 
was eluted with cold ammonia-ethanol-water (1 ml. of concentrated am- 
monia and 40 ml. of ethanol, diluted with water to 100 ml.). The eluate 


3 Courtesy of Dr. J. B. Neilands. 
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was collected in 10 ml. fractions. The fractions with the highest optical 
density at 260 mu were pooled, acidified by the addition of dry Dowex 
50 (H*) resin, and filtered. The filtrates were neutralized with 0.1 N 
sodium hydroxide and further concentrated in vacuo to about 10 ml. 
Fig. 1 represents the chromatographic fractionation of the nucleotides. 
Fractions II and IV to X thus obtained were then qualitatively analyzed 
for the presence of the following substances: (a) uridine compounds by 
the ultraviolet absorption spectra, as measured in a Beckman spectro- 


O.01NHCI 
O.OISN , O.O3N 0.06 N O1O0N 
Vv 
2.0+ m4 
— 
> 
= 
a x 
! 
Vil 
= vi ix 
a 
oO 
50 100 iSO 200 


NUMBER OF 500 ML,ELUATE FRACTIONS 
Fic. 1. Separation of mung bean seedling nucleotides by ion exchange chromatog- 
raphy by using a Dowex 1 (Cl-) column. The nucleotides were eluted with 0.01 N 
hydrochloric acid containing increasing amounts of sodium chloride as indicated. 
Peaks VI and IX represent UDP-acetylglucosamine and UDP-glucuronic acid, 
respectively. 


photometer model DU (15), (b) hexosamines (16), (c) acetylhexosamine 
sugars (17), (d) uronic acids (18), and (e) substances giving a positive 
reaction with ninhydrin (19) by various color reactions. Table I represents 
the results of these tests. 

The nucleotide Fractions I] and IV to X were further analyzed by paper 
chromatography and paper electrophoresis. About 0.1 umole of each 
nucleotide fraction (calculated as uridine) was applied as a band on What- 
man No. 1 paper, which had been washed with acetic acid, and chromato- 
graphed in ethanol-ammonium acetate-water solvent (6). For the paper 
electrophoresis an apparatus similar to that described by Crestfield and 
Allen (20, 21), with Whatman No. 1 paper and formate buffer of pH 3.5 
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(30 ml. of concentrated formic acid, 22.4 gm. of potassium hydroxide, 
diluted to 2 liters), was employed. The nucleotides and other ultra- 
violet-absorbing substances were located on the paper chromatograms and 
paper electrophoretograms by ultraviolet contact) printing by using a 
Mineralight ultraviolet lamp and FKastman Kodak standard contact paper. 
The papers were then cut into small pieces, each about 4 X& 4 em. in size, 
and eluted with water. The eluted portions were then analyzed by 
their ultraviolet absorption spectra and by the colorimetric tests, as will 
be described later. Only nucleotide Fractions VI and IX showed bands 
indicating the presence of uridine compounds that gave positive tests for 
acetylhexosamine and uronic acid and which appeared as single spots on 


I 
Qualitative Analysis of Nucleotide Fractions from Mung Bean Seedlings 
| | Test® for 
500 ml. . Peak Spectral 
fractions No. ‘pe Acetyl- | real 
hexos- acid positive 
| amine | co 
| | pounds 
| 
20- 0.01 HCI Il + 
32- 37 | — | IV | of 
4-49 0.01% “ +0.015 NaCl | 


* —, negative test; +, positive test; ++, strongly positive test. 


the chromatograms. All other compounds detected by these colorimetric 
reactions in the various nucleotide fractions moved independently from 
the ultraviolet-absorbing components on the paper chromatograms and 
paper electrophoretograms. Therefore, only Fractions VI and IX were 
further investigated. Analysis of Fraction X by the same methods showed 
the presence of chiefly UTP. 


Identification of Nucleotides 


Nucleotide Fraction V1—-This fraction contained approximately 170 
umoles of nucleotide material, calculated as uridine. It was resolved by 
paper electrophoresis into three different components corresponding to 
UMP (Rpice 0.79), UDP-hexose (Ryice 1.10), and UDP 1.54). 


* Ryicr, pleric acid. Picric acid was used as a visible reference compound in paper 
electrophoresis and caffeine as an indicator of the starting line, corrected by the 
electroosmosis effect. 
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Hlowever, by paper chromatography four components were obtained cor- 
responding to UDP (PR, 0.20), UMP 0.831), UDPG 0.39), and UDP- 
acetylglucosamine (2, O45). The whole nucleotide Fraction VI was 
therefore resolved by paper chromatography. When the component with 
the PR» values of 0.45 (named Fraction VI-D) was eluted from the paper 
with water, it yielded 14 wmoles of nucleotide. The uridine moiety of the 
Fraction VI-D component was analyzed qualitatively and quantitatively 
by its ultraviolet absorption spectrum at pH 2, 7, and 11 (15) and by a 
colorimetric method with orcinol (22). Hydrolysis of Fraction VI-D with 
0.1 N HCl at 100° for 10 minutes liberated chiefly UDP. Hydrolysis with 
1.0 x HCl under the same conditions yielded chiefly UMP. In both cases 
a sugar was also liberated by the hydrolysis. The products of hydrolysis 
were identified by paper chromatography and paper electrophoresis and 
by the total and acid-labile phosphorus content (23). The acid-labile 
phosphorus was determined after hydrolysis with 1.0 N sulfuric acid for 
10 minutes at 100°; the total phosphorus after hydrolysis with 10 N sul- 
furie acid for 3 hours at 120-140°, followed by the addition of 1 drop of 
hydrogen peroxide (30 per cent), dilution with water, and heating to 100° 
for 20 to 30 minutes. Hydrolysis of Fraction VI-D with 0.05 n HCl for 
10 minutes at 100° produced a substance which showed a positive reaction 
for N-acetylhexosamine (17). When this hydrolysate was subjected to 
paper chromatography, with Whatman No. | paper in butanol-ethanol- 
water (24) and in ethyl acetate-pyridine-ammonia-water (4), only one 
carbohydrate spot, which corresponded to N-acetylglucosamine, was ob- 
tained. Paper electrophoresis with Whatman No. 1 paper in ammonium 
acetate buffer, pH 5.8 (30.8 gm. of ammonium acetate and 2 ml. of glacial 
acetic acid, diluted with water to 2 liters), and borate buffer, pH 8.6 (8.80 
gym. of sodium borate and 4.65 gm. of boric acid, diluted to 1 liter) (25), 
also resulted in only one carbohydrate spot, corresponding to N-acetyl- 
glucosamine. Hydrolysis of Fraction VI-D with 2 nN HCl for 2 hours at 
100° liberated a substance giving a positive reaction for hexosamine (16). 
This substance was identified as glucosamine by chromatography and paper 
electrophoresis by using the systems and conditions previously described. 
Treatment of this hexosamine with ninhydrin (24) yielded arabinose 
(presumably the p form) as the only product of degradation. Further 
confirmation of the identity of the compound was made from direct de- 
termination of glucosamine (16) and from the estimation of the reducing 
value of the nucleotide before and after hydrolysis (26). Comparison of 
all the properties of Fraction VI-D with those of authentic UDP-acetyl- 
glucosamine® showed complete agreement. The analysis of Fraction VI-D 
is presented in Table IT. 

* UDP-acetylglucosamine was kindly contributed by Dr. V. Ginsburg, National 
Institutes of Health, Bethesda, Maryland. 
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Nucleotide Fraction IX—This fraction contained 105 ywmoles of nucleo- 
tide material calculated on the basis of uridine. It was resolved by paper 
electrophoresis with formate buffer, pH 3.5, into two main components, one 
corresponding to UDP-sugar (Rpicr 1.10) and another substance with an 
Ryicr Of 1.29. The component with the Rpicr value of 1.29 (named Frac- 
tion IX-B), when eluted from the paper with water, produced 4 umoles of 
nucleotide material based on the uridine content. The uridine moiety of 
Fraction IX-B was analyzed qualitatively and quantitatively as before 
(15, 22). Hydrolysis of Fraction IX-B with 0.1 nN HCl at 100° for 10 
minutes liberated chiefly UDP. Hydrolysis with 0.1 nN HCl under the 
same conditions yielded chiefly UMP, identified by paper chromatography 
and paper electrophoresis. A sugar was liberated by hydrolysis in either 


TaB_e II 
Analysis of Uridine Diphosphate N-Acetylglucosamine 
(Fraction VI-D) from Mung Bean Seedlings 


umoles per umole uridine 


Found Calculated 
0 0 
after hydrolysis............. 0.90 1.00 


acid concentration. The total and acid-labile phosphorus values were 
determined colorimetrically (23) as before. Mild acid hydrolysis of Frac- 
tion 1X-B was found to liberate a substance which showed a positive car- 
bazole test for uronic acid (18). Paper chromatographic analysis of the 
hydrolysate in pyridine-acetic acid-ethyl acetate-water (27) yielded only 
one spot, corresponding to glucuronic acid. Paper electrophoresis with 
formate buffer, pH 3.5, proved to be an effective method for the separation 
and identification of glucuronic acid (Rpicr 0.86) and galacturonic acid 
(Rpicr 0.64). By using this method for the identification of the uronic 
acid component of Fraction IX-B, only one spot corresponding to glucu- 
ronic acid was obtained. Further evidence that the substance was glucu- 
ronic acid was adduced from direct determination of this compound (18), 
the reducing value of the nucleotide before and after hydrolysis (26), and 
from the chromatographic behavior of the nucleotide in ammonium acetate- 
ethanol-water and ammonium sulfate-sodium phosphate-propanol solvents 
(15). Comparison of the properties of the unknown compound with those 
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of authentic UDP-glucuronic acid® showed that they were identical. The 
analysis of Fraction [X-B is presented in Table IIT. 

Several chromatograms and electrophoretograms of the hydrolyzed Frac- 
tion IX-B showed a faint but distinct spot which corresponded to galac- 
turonic acid, suggesting the presence of a small amount of uridine diphos- 
phate galacturonic acid. The galacturonic acid did not exceed 10 per cent 
of the amount of the glucuronic acid. However, galacturonic acid could 
not be detected in subsequent batches of mung beans. 


TaB_e III 


Analysis of Uridine Diphosphate Glucuronic Acid (Fraction I1X-B) 
Mung Bean Seedlings 


pmoles per ymole uridine 


Found Calculated 


SUMMARY 


The isolation and identification of uridine diphosphate N-acetylglucosa- 
mine and uridine diphosphate glucuronic acid from mung bean seedlings 
(Phaseolus aureus) have been described. 
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THE CONVERSION OF UROCANIC ACID TO 
FORMAMIDINOGLUTARIC ACID* 


By ALEXANDER MILLERf ann HEINRICH WAELSCH 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, and the New York State Psychiatric Institute, 
New York, New York) 


(Received for publication, March 7, 1957) 


Formation of FAG' from UCA catalyzed by cat liver homogenates has 
been demonstrated by Borek and Waelsch (1). <A similar conversion has 
been shown to occur with extracts of histidine-adapted Pseudomonas fluo- 
rescens (2) and Aerobacter aerogenes (3). The conversion to UCA and then 
to FAG appears to be the major degradative pathway for histidine in 
mammals. Histidine is an efficient C,; donor on the formate level of oxida- 
tion (4) and is rapidly converted to glutamic acid (5) in vivo. It has been 
demonstrated that potent enzymes are present in liver which catalyze the 
transfer of the formimino group of FAG to tetrahydrofolic acid (6-8). 
This reaction provides an explanation for both the utilization of histidine 
as a C, donor and its conversion to glutamic acid. 

Although the over-all conversion of UCA to FAG seems well established, 
little or no work appears to have been done on the mechanism of this con- 
version. This reaction involves no net change in level of oxidation, but 4 
of the carbon atoms of UCA undergo changes in their oxidation state and 
the highly aromatic imidazole ring is cleaved. Imidazolonepropionic acid 
has been postulated as the immediate precursor of FAG (1, 9, 10). 

In this paper, experiments relating to the mechanism of UCA metab- 
olism are presented. The term ‘‘urocanase” or “enzyme” is used to desig- 
nate the system promoting the disappearance of the spectrum of UCA and 
no implication is meant that a single protein catalyzes the conversion of 
UCA to FAG. 


* This work was supported by a grant from the National Institute of Neurological 
Diseases and Blindness (grant No. B-226) of the National Institutes of Health, Pub- 
lic Health Service, and by a contract between the Office of Naval Research and the 
Psychiatric Institute. Taken from the doctoral dissertation of Alexander Miller. 

t Present address, Division of Biology, California Institute of Technology, 
Pasadena, California. 

' The abbreviations used are as follows: a-L-formamidinoglutarie acid, FAG; uro- 
canie acid, UCA; p-mercuribenzoate, PMB; oxidized 2,6-dichlorophenolindophenol, 
CPIP. 
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EXPERIMENTAL 


Materials—UCA was prepared by the method of Edlbacher and von 
Bidder (11). All oxidation-reduction dyes and other materials were com- 
mercial preparations and were used without further purification. 


Assay—The disappearance of UCA can be measured by the appearance | 


of alkali-labile ammonia or the disappearance of material giving a colored 
addition product with diazotized amines. Mehler and Tabor (12) first 
measured urocanase activity by noting the disappearance of the ultraviolet 
absorption of UCA. This last method was used throughout the present 
study since it possesses the obvious advantage of rapidity and yields kinetic 
data directly. It is not known whether the three assays measure the same 
enzymatic activity. 

All experiments were carried out in a Beckman spectrophotometer, 
model DU, and thermojacketed at 37°, with the exception of thore in which 
isotopes were used. The extinction coefficient of UCA at 277 my, in phos- 
phate buffer, pH 7.1, was found to be 18,500 (reported, 18,800 (13)). A 
value of 19,100 was used for the extinction coefficient of CPIP at 600 mu 
at pH 7 (14). The difference between the extinction coefficients of ferri- 
cyanide and ferrocyanide at 410 my was taken as 1000. 

At the concentrations of UCA used, rates of disappearance were linear 
until at least 80 per cent of the substrate was degraded and therefore are 
reported as initial rates. 

Purification of Enzyme—The enzyme system proved difficult to purify 
and showed variable stability on storage. Aqueous extracts of acetone 
powders of cat liver provided a convenient source of enzyme. Cat livers 
were obtained immediately after death and kept frozen until use. Acetone 
powders were prepared in the usual manner. The purification summarized 
in Table I was obtained as follows: 22.6 gm. of acetone powder were ex- 
tracted with 200 ml. of water at pH 7 for 2 hours at 4° and the insoluble 
matter was removed by centrifugation. All further operations were car- 
ried out at 4°. The clear extract (Fraction A), which had a volume of 
170 ml., was treated with 2.6 ml. of 1 Mm KeHPO, and 85 ml. of neutral 
saturated ammonium sulfate solution. The precipitate which formed was 
removed by centrifugation and the supernatant liquid was treated with 
an equal volume of saturated ammonium sulfate solution. The precipitate 
was collected by centrifugation and dissolved in 310 ml. of 0.03 Mm KPO,, 
pH 7.8. To this solution (Fraction B) were added 150 ml. of a neutral 
saturated ammonium sulfate solution. The precipitate was collected by 
centrifugation and dissolved in 105 ml. of 0.03 m KPO,, pH 6.8. This 
solution (Fraction C) was treated with 78 ml. of a neutral saturated am- 
monium sulfate solution and the precipitate, obtained by centrifugation, 
was dissolved in 105 ml. of 0.03 m KPO,, pH 7.8. This solution (Fraction 
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D) was mixed with 35 ml. of alumina Cy (14.5 mg. of solids per ml. (15)) 
and the gel removed by centrifugation. The solution obtained (Fraction 
E) had a volume of 133 ml. Fraction E, which was used for most of the 
experiments, slowly decreased in activity upon standing at 4°. 

In another preparation, only a 3-fold purification with recovery of only 
20 per cent of the units was obtained. The activity of this preparation 
(Fraction E,) decreased by two-thirds upon storage at — 15° for 2 months. 
Variable instability of the enzymatic activity had also been noted many 
times in small scale preparations. 

Attempts to purify the enzyme system further by acid precipitation of 
inactive protein, alcohol or acetone fractionation, additional ammonium 
sulfate precipitations, and absorption on alumina Cy or calcium phosphate 
gel were unsuccessful. 


Results 


Distribution of Urocanase—As presaged in the early work of Edlbacher 
(16), who found that liver extracts of all vertebrates investigated catalyzed 
the formation of alkali-labile ammonia, urocanase activity was found in all 
livers tested, z.e. rat, guinea pig, calf, and cat. Cat liver proved most ac- 
tive and was used as a source of enzyme. 

No measurable activity was found in extracts of the following organs 
of the rat: kidney, brain, intestinal mucosa, lungs, heart, diaphragm, testes, 
spleen. 

Urocanase remains in solution after centrifugation of liver homogenates 
at 100,000 X g for 2 hours. 

Requirements for Enzymatic Activity—Considerable attention was paid 
to the possibility that urocanase has a dissociable prosthetic group. Prein- 
cubation of the enzyme for 15 minutes at 37° with 1 & 10-? M azide, fluo- 
ride, or pyrophosphate or with 2 X 10-* m Versene had no effect on the 
rate of UCA disappearance when activity was measured under the condi- 
tions given in Table I. ‘Total inhibition was observed with 10~? mM cyanide. 
This inhibition by cyanide was studied in detail and is discussed below. 

Urocanase activity was not lost upon dialysis for 32 hours against phos- 
phate buffer with or without 0.02 m Versene. There does not seem to be 
an easily dissociable metal involved in the enzymatic degradation of UCA. 

Attempts were made to discern a requirement for a specific coenzyme. 
The specific activity of the enzyme preparation remained unchanged after 
treatment with Dowex 2-Cl or Dowex 2-formate. After two treatments 
with Norit A (50 mg. per ml.) at pH 6.3, enzymatic activity was not dimin- 
ished. Extraction of the protein solution with isooctane (17) was without 
effect on enzymatic activity. Activity was not diminished after preincu- 
bation of the enzyme with 2 X 10-5 m quinacrine for 15 minutes at 37° or 
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with 6.7 &* 10~-° M quinacrine for 90 minutes at 4°. These results, and the 
dialysis experiments, indicate that no easily dissociable electron-carrying 
cofactor is involved in urocanase activity. 


TABLE I 
Purification of Enzyme 
From 22.6 gm. of cat liver acetone powder. 


Fraction Step | | Total unitst Yield 
me | | per cent 
A Acetone powder extract 9240 2.21 | 20,400 = 100 
B Ist ammonium sulfate precipitation | 6480 2.79 | 18,100 | 89 
C | 2nd ve 2490 | 6.18 15,400 75 
D 3rd 1900 7.26 18,800 68 
Dy Alumina Cy treatment 1100 9.71 10,700 | 62 
Fraction IE after 1 month 4.96 | | 


Test system: 3.3 X 107° mM UCA, 0.02 M KPO 4, pH 7.12, protein to give a change in 
optical density at 277 my of about 0.050 per minute when read against a blank lack- 
ing UCA; temperature, 37°; total volume of 3 ml.; 1 em. light path. 


* Specific activity = millimicromoles of UCA disappearing per minute per mg. | 


of protein per ml. 
t Total units = the specific activity times the total protein (mg.). 


TaB_e II 
Effect of Sulfhydryl Reagents 


Activity as 


Preincubation with per cent control 


15 minutes and then 0.1 wmole of UCA was added. 

* (2.033 m tris(hydroxymethyl)aminomethane was used instead of KPO, as buffer; 
rate, about 90 per cent of that in phosphate buffer. At higher concentrations of 
Cut*, protein precipitates. 


Sulfhydryl Reagents—Preincubation with cysteine and glutathione had 
no effect on UCA disappearance, nor did sulfhydryl-containing substances 
restore activity in aged enzyme preparations. Arsenite did not inhibit, 
but iodoacetate caused a 25 per cent inhibition in rate. Most striking 
were the inhibitions by Cut** and PMB (Table IT). 
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The inhibition by PMB was studied in some detail. When the enzyme 
was incubated with PMB before addition of substrate, 50 per cent inhibi- 
tion Was obtained at a concentration of 1.1 K 10~-° Mm (Fig. 1). However, 
if UCA and PMB were both present initially, no inhibition was observed 
at a PMB concentration of 2.3 & 10~-° Mm, even after 10 minutes of incuba- 
tion. At a higher concentration of PMB, 10~* mM, the normal initial rate 
gradually falls off (Fig. 2). When the enzyme was inhibited about 90 per 
cent by preincubation with 3 & 10-°m PMB, addition of 3 & 107% m thio- 
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Fig. 1. Inhibition of UCA disappearance by PMB. Conditions as in Table I 
except that the system minus UCA was preincubated for 15 minutes at 37°; 0.83 mg. 
of Fraction I. protein used per experiment. The rate of UCA disappearance in 
the control was 2.14 mumoles per minute per ml. 

Fig. 2. Effect of UCA on inhibition by PMB. Conditions as in Table I; 0.83 mg. 
of Fraction E protein used. Curve 1, system preincubated for 15 minutes with 1 X 
10-* wm PMB before UCA was added. Curve 2, UCA added before PMB. Curve 3, 
no PMB added. 


glycolate or glutathione did not increase the rate of UCA disappearance. 
It appears that the inhibition with PMB is not reversible by sulfhydryl 
reagents. 

Effect of Cyanide—Urocanase activity was strongly inhibited by cyanide, 
50 per cent inhibition occurring at 9 &K 10-4 mM (Fig. 3). Furthermore, 
when Fraction E was dialyzed against 500 volumes of 0.017 M potassium 
phosphate containing 10-2 mM cyanide at pH 7 for 16 hours at 4°, and then 
against phosphate buffer alone for 16 hours to remove the cyanide, 85 to 
100 per cent of the enzymatic activity was lost. It will be recalled that 
enzymatic activity was undiminished after dialysis against phosphate 
buffer with or without Versene. 
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Such cyanide-inactivated preparations could not be reactivated by any 
of the following metallic or metal-containing ions: Mg++, Mnt+t, Cot+, Fet++ 
(with or without reducing agents), Al***+, Cut+, HAsO;-, 
VO.*+, or VO. Also, addition of various liver extracts, yeast extract, or 
the supernatant liquid from the acid precipitation of Fraction E did not 
restore activity. 

Although preincubation of the enzyme with 3 XK 107-* mM cyanide caused a 
90 per cent inhibition, addition of cyanide in this concentration after 
addition of UCA caused no diminution of the normal rate for at least 
15 minutes. 
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Fic. 3. Inhibition of UCA disappearance by cyanide. Conditions as in Table I 
except that the system minus UCA was preincubated for 15 minutes at 37°; 0.83 mg. 
of Fraction E protein used per experiment. The rate of UCA disappearance in the 
control was 1.91 myumoles per minute per ml. 


Other Inhibitors—Hydroxylamine, hydrosulfite, and bisulfite were found 
to be potent inhibitors of urocanase, 50 per cent inhibition occurring at 
3.8 10-4 m,2.5 X 10-° M, and 1.5 10-°M, respectively (Fig. 4). Bisul- 
fite behaved like cyanide in that it effected an inhibition only after prein- 
cubation with the enzyme. Thus, when the incubation mixture was 
made 9.4 X 10-‘m in bisulfite after the addition of UCA, no inhibition 
was observed. With hydrosulfite, at 7.5 X 10-4 M, essentially complete 
inhibition was obtained instantly, whereas at about one-third this concen- 
tration the initial rate gradually fell off over the first 10 minutes of incuba- 
tion and curves similar to those obtained with PMB were obtained (see 
Fig. 2, Curve 2). With hydroxylamine, no preincubation effect was 
observed and maximal inhibition occurred within 2 minutes after addition 
of the base even in the presence of UCA. No parallel can be drawn 
between the effective concentrations of these inhibitors and their ability 
to cause an inhibition in the presence of substrate. 


W 
al 
| 
| ow 
ol 
tc 
tl 
3 
re 
t 
n 
e 
O 
t 
Ss 
(* 


A. MILLER AND H. WAELSCH 371 


Burton and Kaplan (18) have reported that pyridine nucleotides react 
with the carbonyl groups of several compounds activated by electro- 
negative substituents in the @ position. Dihydroxyacetone was tested as 
an inhibitor of urocanase and, although no inhibition was found at a 
concentration of 3 XX 10-*M, preincubation for 15 minutes of urocanase 
with 3 & 10-2 m dihydroxyacetone caused a 17 per cent decrease in the rate 
of reaction. With3 X 10-*Mm chloroacetone and 3 X 10~* M sym-dichloroace- 
tone, inhibitions of 16 and 37 per cent, respectively, were obtained after 
15 minutes preincubation with enzyme. 


/00 
NH, OH 
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Fia. 4. Inhibition of UCA disappearance by hydroxylamine, bisulfite, and hydro- 
sulfite. Conditions as in Table I; bisulfite and hydrosulfite were incubated with 
system minus UCA for 15 minutes; hydroxylamine was added immediately prior to 
the addition of UCA. 


No inhibition was observed after preincubation of the enzyme with 
3 X 10-* m semicarbazide. 

Coupling with Oxidation-Reduction Dyes—lIt is difficult to visualize a 
reaction mechanism whereby UCA is converted to FAG solely by hydra- 
tion. Therefore, the possibility that the reaction proceeds via an inter- 
mediate at a higher oxidation level than UCA was considered. The 
enzyme would then be expected to go through a cycle of reduction and 
oxidation and might conceivably donate electrons to an electron ac- 
ceptor other than the presumed oxidized intermediate. 

When UCA and enzyme were incubated with CPIP, at pH 7.2, reduc- 
tion of the dye was observed. No reduction of CPIP occurred when 
boiled enzyme was used or when histidine, imidazole, or FAG was sub- 
stituted for UCA. As can be seen in Fig. 5, CPIP was reduced at a rate 
considerably lower than the rate of UCA disappearance. However, the 
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rate of reduction was found to increase with increasing concentrations of 
CPIP. 

The rate and extent of UCA disappearance are independent of the pres- Cc 
ence or absence of CPIP. On the other hand, CPIP reduction is depend-— jn 
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Fig. 5 Fia. 6 
Fic. 5. Relative rates of UCA disappearance and CPIP reduction or ferricyanide 
reduction. Conditions as in Table I; 0.83 mg. of Fraction E protein used. Curves as 
1 to 4, 0.1 umole of UCA and 0.07 umole, 0.105 umole, and 0.14 umole of CPIP in Curves aI 
2, 3, and 4, respectively. Curve 5, 0.5 umole of UCA and 0.5 umole of ferricyanide. M 
Curve 1, disappearance of UCA in presence or absence of 0.07 umole of CPIP. Curves re 
2, 3, and 4, formation of reduced CPIP. Curve 5, reduction of ferricyanide. 
Fic. 6. Dependence of rate and extent of CPIP reduction on UCA concentration. re 
Conditions as in Table I. In each experiment, 0.07 umole of CPIP was added and k 
0.5, 0.2, and 0.1 wmole of UCA was added in Curves 1, 2, and 3, respectively. 


ent upon the presence of UCA.? The rate of reduction of CPIP is linear 
only as long as the enzyme is saturated with UCA and rapidly decreases 
when the rate of UCA disappearance begins to decrease (Fig. 6). ti 

Other dyes were tested with regard to ability to undergo the coupled 


reduction. With a series of oxidized indophenols, the rate of dye reduc- - 
tion varied markedly and in no apparent relation to the oxidation potential ij 


2 A small slow reduction occurs in the absence of UCA which is probably due to 
titration of the sulfhydryl] groups of the proteins present. fr 
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of the dye. For example, oxidized 2,6-dibromophenolindophenol with an 
oxidation potential of +218 mv.’ at pH 7 (as compared to +217 mv. for 
CPIP) was reduced more rapidly than CPIP, whereas oxidized m-cresol- 
indophenol (+208 mv.) and o-chlorophenolindophenol (+233 mv.) were 
not reduced at all. The latter two dyes are pink and presumably not 
ionized at pH 7.2, while the dibromophenolindophenol and CPIP have 
the characteristic blue color of the anion. <A rough correlation appears to 
exist between the ionization state of the indophenol and the rate of reduc- 
tion which occurs. The most rapidly reduced dye was the structurally 
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Fic. 7. pH dependence of UCA disappearance and CPIP reduction. Conditions 
as in Table I. Curve 1, 0.1 wmole of UCA. Curve 2, 0.1 umole of UCA and 0.05 
umole of CPIP. 0.83 mg. of Fraction E protein used. O, 0.02 m phosphate; 0, 0.02 
M pyrophosphate; A, 0.02 m borate. Curve 1, UCA disappearance. Curve 2, CPIP 
reduction. 


related indamine dye, Bindschedler’s green (+224 mv.). The dyes with 
lowest oxidation potentials which showed any coupled reduction were 
oxidized 1-naphthol-2-sulfonic acid-indophenol (+111 mv.) and the 
indamine dye, toluylene blue (+115 mv.). CPIP couples well at pH 9 
when its oxidation potential has fallen to +89 mv. (cf. Fig. 7). 

Other dyes with different basic structures and lower oxidation poten- 
tials were tested. However, no reduction of thionine (+63 mv.), re- 
sazurin (+51 mv.), brilliant cresyl blue (+45 mv.), gallocyanin (+21 mv.), 
methylene blue (+11 mv.), tetrazolium, or methylene blue plus tetrazo- 
lium (20) was observed. Of the naturally occurring electron carriers, 


> This and the succeeding values for oxidation potentials at neutral pH are taken 
from Hewitt and Anderson and Plaut (19). 
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diphosphopyridine nucleotide, triphosphopyridine nucleotide, and _ ferri- 
cytochrome c were tested but no reduction was observed. 

When ferricyanide (0.5 ymole) was added to UCA and enzyme (Fig. 5, 
Curve 5), it was reduced at about half the rate at which UCA dissappeared, 
assuming that 2 moles of ferricyanide are reduced per mole of UCA oxi- 
dized. 

A comparison was made of the effect of the pH of the reaction mixture 
on rate of UCA disappearance and CPIP reduction. The relatively 
broad pH optimum for UCA disappearance is illustrated in Fig. 7. Deter- 
minations below pH 6 could not be made since the enzyme precipitated. 
It will be seen that CPIP reduction remains at a low level in the region of 
the optimum and only begins to increase when the rate of UCA disappear- 


TaBLe III 
Stimulation of UCA Disappearance by CPIP at High pH 


Initial rate, mumole per min. 


Addition UCA disappearance CPIP reduction 


Experiment A | Experiment B | Experiment A | Experiment B 


| 


CPIP, 0.047 wmole............. 0.58 0.45 | 


Conditions as in Table I;' 0.83 mg. of Fraction E protein. Experiment A, 0.02 
pyrophosphate, pH 9.23; Experiment B, 0.02 mM borate, pH 9.83. 


ance begins to drop off. In the alkaline region, CPIP appears to stimulate 
UCA disappearance slightly. This perhaps indicates that, in the region 
of high pH, the rate of reduction of an oxidized intermediate becomes 
limiting. Data demonstrating the stimulation of UCA disappearance by 
CPIP at pH 9.2 are given in Table IIT. 

CPIP was not reduced when UCA disappearance was inhibited by 
cyanide, hydroxylamine, or hydrosulfite. However, CPIP reduction 
proceeded at a rate approaching that of UCA disappearance in the pres- 
ence of PMB. As can be seen in Table IV, the same rate of UCA disap- 
pearance was severely inhibited by PMB. This inhibition was some- 
what relieved by the addition of CPIP. 

Products of Reaction in Presence and Absence of CPI P—As an aid in 
detecting the products of the enzymatic reaction, generally labeled C'-UCA 
(0.3 we. per mg.) was used as a substrate. This material was prepared 
from histidine-C'™ (Schwarz Laboratories, Inc.) by the method of Mehler 
et al. (13) carried out on a small (25 mg.) scale. 
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TaBLeE IV 
Effect of PMB on CPIP Reduction 


Initial rate, mumoles per min. 
Preincubation with 
UCA disappearance CPIP reduction 
1.88 
+ 1.67 X mM PMB.... 0.47 0.47 


Conditions as in Table I; 0.83 mg. of Fraction E protein used. 


When the C4-UCA was incubated with enzyme in the absence of CPIP 
and the incubation mixture subjected to ionophoresis at pH 2 (phosphate) 
and pH 10 (borate), the isotope was found to be entirely in a spot corre- 
sponding in position to that expected for FAG (Fig. 8, Peak I). Incubation 


PHOSPHATE pH 2.1 BORATE pH!10 
= 
+CPIP 
t 
5 CM 


Fic. 8. Ionophoretic separation of products of UCA degradation in presence and 
absence of CPIP. Reaction mixtures containing 62.5 y of C'4-UCA, 4 mg. of Fraction 
FE, protein, and 5.0 umoles KPO,, pH 7.2, with or without 100 y of CPIP, in a total 
volume of 0.2 ml. were incubated for 30 minutes at 37°. Concentrated acetic acid 
was added to bring the pH to 4 to 5 and 0.1 ml. aliquots were applied as 2.5 em. streaks 
to Whatman No. 1 paper and subjected to ionophoresis with the technique of Mark- 
ham and Smith (21). The buffers employed were 0.02 m phosphate, pH 2.1, or 0.08 
M sodium borate, pH 10. The paper was cut into strips 2.8 X 1.0 em. and the strips 
were counted directly. 
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of C'4-UCA with enzyme in the presence of CPIP gave rise to an additional 
product (Peak II) as revealed by paper ionophoresis. At pH 2, this 
substance appeared to be neutral since it did not migrate. FAG behaved 
as if it were present partly as a neutral compound, 7.e. dipolar ion, and 
partly as a cation and moved toward the cathode at a rate about half that 
of UCA, which migrates as a monovalent cation under these conditions, 
At pH 10, the new substance showed the behavior expected for a divalent 
anion and migrated at a rate twice that found for FAG. At this pH, 
FAG and UCA appear to exist as monovalent anions. 

In the experiments in which CPIP was added to the reaction mixture, 
both radioactive spots were eluted overnight with 5 ml. of 0.05 x NaOH. 
The eluates were concentrated to 1.0 ml. at 100° during which time any 
FAG present would be converted to glutamic acid. 10 mg. of L-glutamic 
acid were then added as carrier, followed by 0.25 ml. of 1 nN HCl. The 
eluates were concentrated to 0.5 ml., and 0.5 ml. of ethanol was added to 
induce crystallization of the glutamic acid. After cooling, glutamic acid 
was separated by centrifugation, washed, dried, weighed, plated, and 
counted. The material obtained from eluates thought to contain FAG 
contained the expected radioactivity, z.e. all of the counts could be ac- 
counted for as L-glutamic acid after correction for losses during isolation. 


Conversely, essentially no radioactivity was found in the glutamic acid © 
isolated from the eluates of the spots attributed to the oxidized inter- — 


mediate. 

Further Studies on Oxidized Intermediate—Experiments on a_ larger 
scale were carried out with C'-UCA both in the presence and in the ab- 
sence of CPIP. When the incubation mixture lacking the dye was acidi- 
fied to pH 5 and placed on a Dowex 50-H*+ column, all the radioactivity 
was retained on the column but could be eluted with hydrochloric acid. 
FAG behaves in this manner (5). 

When an incubation mixture containing CPIP was treated in the same 
manner, a large portion of the radioactivity was not adsorbed by the 
Dowex 50-H*+. This radioactivity could be adsorbed on charcoal and on 
Dowex 2-formate and could be eluted from the latter with 2 nN formic 
acid. 

The oxidized nature of the new compound formed in the presence of 
CPIP was demonstrated by its conversion to a-ketoglutaric acid. A 
reaction mixture consisting of 62.5 y of C™-UCA, 500 y of CPIP, 0.1 ml. 
of Fraction E», and 5.0 wmoles of KPO, pH 7.4, in a total volume of 
0.2 ml., was incubated for 30 minutes at 37°, after which | drop of con- 
centrated acetic acid was added. The solution was then passed through a 
Dowex 50-H* column (100 to 200 mesh, 0.5 & 3.0 em.). The column was 
washed with 5 ml. of water. To a1 ml. aliquot of the washings (which 
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contained about 60 per cent of the added isotope), 10 mg. of a-ketoglutaric 
acid and 1 ml. of concentrated HC] were added. The solution was heated 
at 100° for 1 hour and then 25 mg. of 2,4-dinitrophenylhydrazine (dis- 
solved in 2 per cent HCl) were added. After cooling, the precipitate was 
collected and recrystallization from alcohol-water yielded 16.6 mg. After 
a second recrystallization the yield was 10.6 mg. The hydrazone contained 
sufficient radioactivity to account for all the material not retained by the 
Dowex 50. The specific activity remained constant upon recrystal- 
lization. 


DISCUSSION 


The immediate precursor of FAG has been postulated to be imidazo- 
lonepropionic acid (1, 9, 10). We have previously suggested (10) that 
the isolation by Takeuchi (22) and Oyamada (23) of pL-isoglutamine and 
formyl-pL-isoglutamine, respectively, from incubation mixtures of purified 
mammalian liver extracts and UCA could be interpreted as indirect 
evidence for the enzymatic formation of imidazolonepropionic acid. These 
racemic compounds, which are not metabolized in systems which utilize 
FAG (1, 8, 24), were pictured as arising by chemical alteration of the 
enzymatically formed imidazolone since analogous hydrolytic cleavage of 
imidazolones (25) is known to occur under the conditions used by Takeuchi 
and Oyamada in their isolations. 

Formation of FAG from UCA involves three chemical events: (a) 
oxidation at the 5 carbon of the imidazole ring, (b) reduction of the double 
bond of the acrylic acid side chain, and (c) hydrolysis of the ring. If 
imidazolonepropionic acid is accepted as an intermediate, then oxidation — 
and reduction must precede hydrolysis. 

The observed coupling with CPIP and other dyes clearly indicates that 
discrete oxidation and reduction steps are involved in the degradation of 
UCA. If two separate enzymatically active proteins are involved, two 
extremely unlikely phenomena must occur: first, the oxidized product of 
the first enzymatic reaction must react with the second reducing enzyme 
at the observed rate, although the concentration of this intermediate 
could never exceed that of the first enzyme; then the second enzyme must 
reoxidize the first enzyme in order to restore the system. Although 
enzyme reactions may perhaps occur at such low concentrations in or- 
ganized systems such as those contained in mitochondria, it will be recalled 
that urocanase activity cannot be centrifuged at even 100,000 X g. Fur- 
thermore, the results presented in this paper appear to rule out any low 
molecular weight cofactor which might act as an electron carrier between 
two proteins. 
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The urocanase reaction may be pictured in the following manner if it 
is assumed that urocanase is a single protein 


E + UCA > FH2-OxUCA (1) 
EH,-OxUCA E + IP (2) 


where FE = enzyme, OxUCA = oxidized intermediate, and IP = imidazo- 
lonepropionic acid. In the presence of CPIP, Reaction 1 would be fol- 
lowed by 


EH:-OxUCA + CPIP E + OxUCA + CPIP-H: (3) 


The occurrence of such reactions and the observed inhibitions with 
various nucleophilic reagents clearly indicate that a prosthetic group, or 
more probably groups, is involved, although nothing definite can be said 
of their nature. 

The oxidized intermediate has not been isolated. However, our data 
are consistent with formulation of this compound as 5-imidazolone-4- 
acrylic acid. 


O=C 


OOH 


HN N 
H 


Kjaer (26) and Lehr et al. (27) have presented evidence that several sub- 
stituted unsaturated imidazolones have acidic character. It will be 
recalled that the oxidized intermediate behaved upon ionophoresis as a 
neutral molecule at pH 2 and as a divalent anion at pH 10. 

The oxidized intermediate does not appear to absorb light at wave 
lengths longer than 250 my, which makes it unlikely that the oxidized 
intermediate is 4-(8-carboxy)ethylidene-5-imidazolone. 


00H 


HN N 


H 


Lehr et al. (27) have shown that imidazolones with a double bond adjacent 
to the ring exhibit strong ultraviolet absorption. However, unsaturated 
imidazolones possessing a 2H are unknown. 

The formation of a-ketoglutaric acid upon acid hydrolysis is inter- 
preted as the result of cleavage of the unsaturated imidazolone with inter- 
mediate formation of a-aminoglutaconic acid or the corresponding a-amide. 
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HOOC—C=CH—CH.—COOH 
NH, 


This last compound could arise from either the proposed imidazolone or 
y-aminoglutaconic acid by a shift of the double bond during the isolation 


procedure. 
| CH Beg 
| 2 
| 
| bog 
| COOH 
ketoglutaric 
acid enol form 
| 
HC—NX O= COOH 
| 4 | CH 
C—NA CH-N CH-NA ¢ HNHCH= NH 
CH H CPIP 
COOH COOH q COOH 00H 
urocanic acid imidazoloneacrylic acid imidazolonepropionic acid L~-formamidinoglutaric acid 
or 
CONHa COOH 
CHNH 2 C HNHCHO CHNH2 
CHa < CH CHa 
CHa CH 
COOH COOH COOH 
DL~ isoglutamine formyl - DL- L~- glutamic acid 
isoglut amine 


Fic. 9. Proposed scheme of conversion of urocanic acid to a-L-formamidinoglu- 
tarie acid. 


A scheme for the formation of formamidinoglutaric acid from urocanic 
acid is presented in Fig. 9. The action of urocanase leads to the formation 
of imidazolonepropionic acid via the unsaturated imidazolone, while a 
second enzyme is visualized as catalyzing the stereospecific formation of 
L-formamidinoglutaric acid. Also indicated are various chemical trans- 
formations discussed above. 
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enzyme. 
sulfite, bisulfite, and hydroxylamine. 


SUMMARY 


The properties and partial purification of urocanase are discussed. 
No evidence could be obtained for a dissociable prosthetic group on the 
However, the enzyme is strongly inhibited by cyanide, hydro- 
Copper, iodoacetate, and p-mercu- 


ribenzoate are also inhibitory. 


scribed in detail. 


In the presence of urocanic acid, urocanase catalyzes the reduction of 
oxidized 2,6-dichlorophenolindophenol. 


enzyme. 


WN 
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THE FORMATION OF N'°-FORMYLFOLIC ACID FROM 
FORMAMIDINOGLUTARIC ACID AND FOLIC ACID* 


By ALEXANDER MILLERf anp HEINRICH WAELSCH 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, and the New York State Psychiatric Institute, 
New York, New York) 


(Received for publication, March 7, 1957) 


It has been known for many years that histidine or urocanie acid in- 
cubated with crude unfortified liver homogenates is converted to a labile 
compound which, upon acid or alkaline hydrolysis, breaks down to glu- 
tamic acid, formic acid, and ammonia (1). This labile substance was 
first isolated in pure form from incubation mixtures of cat liver homoge- 
nates and histidine or urocanic acid by Borek and Waelsch (2) and tenta- 
tively characterized as FAG,' a structure which was later confirmed by 
comparison with the synthetic compound (3). FAG has also been shown 
to be formed from histidine in extracts of several microorganisms (4-6) 
and to be present in the urine of succinylsulfathiazole-fed and hence FA- 
deficient rats (7). 

Experiments with C'-labeled histidine have demonstrated the formation 
of glutamic acid (8, 9) and the incorporation of the amidine carbon of 
histidine into various C; compounds (10-12). Whereas FAG was not 
further decomposed by the dilute unfortified homogenates of cat liver, 
histidine metabolism proceeds beyond FAG in the intact animal. With 
fortified soluble extracts of pigeon liver as the source of enzymes, it was 
found in this laboratory that FAG strongly inhibits the incorporation of 
C'-formate into purine precursors (13). Conversely, formate was only a 
weak inhibitor of incorporation of the amidine carbon of histidine. These 


* This work was supported by a grant from the National Institute of Neurological 
Diseases and Blindness (grant No. B-226) of the National Institutes of Health, Pub- 
lie Health Service, and by a contract between the Office of Naval Research and the 
Psychiatric Institute. Taken from the doctoral dissertation of Alexander Miller. 

t Present address, Division of Biology, California Institute of Technology, 
Pasadena, California. 

‘ The abbreviations used are as follows: a-L-formamidinoglutaric acid, FAG; folic 
acid, FA; dihydrofolic acid, FAH,; tetrahydrofolic acid, FAH,; N'°-formylfolic acid, 
N'°-CHO-FA; N*°-formyldihydrofolie acid, V'°-CHO-FAH,; N'°-formyltetrahydro- 
folic acid, N'°-CHO-FAH,; the N*°-N'°-imidazolium derivative of formyltetrahy- 
drofolic acid (anhydroleucovorin), ACF; the S-acetyl derivative of coenzyme A, 
acetyl Co A; reduced diphosphopyridine nucleotide, DPNH; reduced triphospho- 
pyridine nucleotide, TPNH; adenosine triphosphate, ATP; trichloroacetic acid, 
TCA. 
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results indicated that utilization of histidine as a ‘‘C,’”’ donor required its 
conversion to FAG, which then formylated an acceptor without previous 
hydrolysis to formate. 

The role of IA in the transfer of active C, units has become increasingly 
understood in recent years. The formation of N'°-CHO-FA from formate 
and FA has been demonstrated (14, 15). It was found in this (13) and 
other laboratories (16, 17) that N’°-CHO-FA is formed in liver homoge- 
nates from FA and histidine, urocanic acid, or best, FAG. Recent evi- 
dence indicates that it is FAH, which reacts with formate in the presence 
of ATP to yield N’°-CHO-FAH, which directly formylates intermedi- 
ates in the synthesis of inosinic acid (18, 19). In preliminary reports 
(20, 21) evidence has been presented that FAH, reacts with FAG to give 
eventually N’!°-CHO-FAH,, glutamic acid, and ammonia. 

In this paper, the enzymatic formation of N'°-CHO-FA from FAG and 
FA and the activators of this enzymatic process will be considered. 


EXPERIMENTAL 


Matcrials—Formamidinoacetic acid and the y-benzyl ester of FAG 
were prepared by condensation of formamidine and glycine or y-benzyl- 
glutamic acid. Analytically pure FAG was obtained by hydrogenolysis 
of the y-benzyl ester (3). The highly purified sample of FA used in these 
studies was kindly made available by Dr. H. Broquist, Lederle Labora- 
tories Division, American Cyanamid Company. It gave only a single 
ultraviolet-absorbing spot upon chromatography in several solvents. 
Several other commercial preparations of FA contained ultraviolet-absorb- 
ing impurities (as revealed by chromatography) which were not entirely 
removed even after repeated recrystallization. Synthetic N'°-CHO-FA 
was prepared by a modification of the method of Gordon et al. (22). Re- 
duced FA was obtained by reduction of folic acid with Adams’ catalyst in 
0.1 nN NaOH (23) and was used as the solution obtained after removal of 
the catalyst by filtration. 

cis-Aconitic acid was prepared by neutralization of cis-aconitic acid 
anhydride and d-isocitric acid by saponification of the lactone of dimethyl- 
d-isocitrate. Both the anhydride and lactone were gifts of Dr. 8S. Ochoa. 
Tor the acetyl CoA, prepared according to the method of Simon and She- 
min (24), we are indebted to Dr. M. Eisenberg. DDPNH was prepared 
by the method of Pullman et al. (25) and TPNH by the method of Kaplan 
et al. (26). Other compounds were obtained from commercial sources. 

Assay—The enzyme solution, FAG, FA, and other additions in a total 
volume of 0.4 ml. were incubated at 37° in the dark in 6 ml. cellulose ni- 
trate centrifuge tubes. At the end of the incubation period, 0.4 ml. of 
10 per cent TCA was added and the denatured protein removed by cen- 
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trifugation in the high speed head of the International centrifuge. The 
supernatant fluids were transferred to 12 ml. conical centrifuge tubes and 
shaken vigorously with 3 ml. of ether. After centrifugation, the ether 
was removed with a dropping pipette attached to a water aspirator. The 
treatment with ether was repeated twice more to insure removal of the 
TCA. | 

Aliquots of 5 to 50 ul. were spotted on Whatman No. 1 filter paper to- 
gether with standards of synthetic N'°-CHO-FA and chromatographed by 
the ascending front technique for 2 to 3 hours in the dark with 0.5 per cent 


TABLE I 
Chromatography of Enzymatically Formed and Synthetic N'°-CHO-FA 
Rp values 
Solvent 
Enzymatic* Synthetict 
tert-Butanol (70), formic acid (15), water (15). .......... 0.40 0.43 
Isopropanol (65), formic acid (1), water (35)............ 0.69 0.69 
Distance migrated, mm. 
Paper ionophoresis, 6 ma., 1000 v., 12 in. strip, 1 hr., 0.005 


* 10 ul. spot of TCA-ether-treated reaction mixture containing a final concentra- 
tion of 0.06 mg. of N’°-CHO-FA per ml. 

t 10 wl. spot of a solution of 0.11 mg. of synthetic N'°-CHO-FA per ml. treated 
with an equal volume of 10 per cent TCA and extracted three times with ether. 


NasCO; as the developing solvent. Under these conditions, N'!°-CHO-FA 
has an Ry = 0.9 and runs ahead of all other ultraviolet-absorbing or flu- 
orescent materials present in the reaction mixtures. The dried chromato- 
grams were examined in ultraviolet light and the amount of N!°-CHO-FA 
formed was estimated by visual comparison of the fluorescence of the 
experimental spots with that of standards. The fluorescence was barely 
detectable with 0.16 myumole and was maximal with 1.5 myumoles of 
N'°-CHO-FA, 

Identification of N*°-CHO-FA—FAG and FA were incubated with a 
soluble extract of rat or calf liver (under the conditions given in Table 
Il) and a portion of the supernatant fluid, after deproteinization with 
TCA and extraction with ether, was chromatographed on paper in 0.5 
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per cent NasCO;. A new spot having the characteristic sky-blue fluores- 
cence upon irradiation with ultraviolet light and the same Ry value as 
synthetic N'°-CHO-FA was observed in the chromatogram of the reaction 
mixture. The chromatographic behavior of the product of the reaction 
was compared with synthetic N’°-CHO-FA in four additional solvents 
and no difference in Ry was found (Table I). The two substances migrated 
at the same rate upon ionophoresis on paper. 

Enzyme Preparations—Fresh rat livers or calf livers (obtained in the 
frozen state from the slaughterhouse) were homogenized with an equal 
volume of ice-cold 0.05 mM potassium phosphate buffer, pH 7.2. The ho- 
mogenates were filtered through cheesecloth and centrifuged in the Spinco 
model L centrifuge at 105,000 * g for 1 hour at 0-4°. The clear super- 
natant fluids were dialyzed from 16 to 48 hours at 4° against 0.05 m KPO,, 
pH 7.2. When desired, dialyzed extracts were stirred with 100 to 200 
mesh Dowex 2-Cl or Dowex 2-formate (0.25 gm. of resin per ml. of ex- 
tract) for about 0.5 hour at 4°. The resin was removed by filtration 
through glass wool. 


RESULTS AND DISCUSSION 


Properties of Enzyme System—After centrifugation of homogenates at 
105,000 X g at 0-4° for 2 hours, the enzymatic activity was found to be 
almost entirely in the supernatant fraction. Loss of activity occurred 
upon prolonged dialysis (48 hours) or treatment of the extract with Dowex 
2-Cl. Activity could be restored to a varying degree by boiled enzyme 
extract. Similar variable reactivation was found with various protein- 
free liver and yeast extracts (Table IT). 

The reason for the variability in reactivation became clear when it was 
found that an enzyme preparation inactivated by dialysis and aging could 
be restored to almost full activity by the addition of thioglycolate alone 
(Table III, Experiment A). Glutathione or ascorbic acid was also effective. 
On the other hand, dialyzed extracts treated with Dowex 2-C] required an 
activator such as yeast extract in addition to a reducing agent (Table III, 
Experiment B). 

In the presence of a reducing agent, activity could also be restored to a 
Dowex-treated enzyme by the addition of catalytically reduced FA or by 
pretreatment of the FA with sodium borohydride. 

Nature of Activator in Non-Protein Extracts—With an aim towards 
elucidating the nature of the activator, in liver and yeast extracts, needed 
for reactivation of the Dowex-treated enzyme, some chemical reactions 
were carried out on these crude extracts. Activity was completely lost 
on wet ashing, a result which suggested that the active factor was not a 
metal. The factor was adsorbed on charcoal, Dowex 2-Cl (or formate), 
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and to a somewhat lesser extent on Amberlite IR-4B but was not adsorbed 
on Dowex 50 or Amberlite IRC-50. Activity was not lost on heating a 
solution of the activator in water, dilute HCl, or KOH at 100°. 


TaBLe II 
Formation of N*°-CHO-FA in Crude Extracts 
Fraction No. Nature of extract N}0-CHO-FA formed 
myumoles 

Rat liver 

1 Whole homogenate, 1:1 60 

2 105,000 X g supernatant fluid of Fraction 1 60 
Calf liver 

3 Supernatant fluid (20 mg. protein) 40 

4 Fraction 3, dialyzed, Dowex-2 treated 0 

5 - 4 + 0.1 ml. of boiled supernatant* 10 

6 - 4 + 0.5 mg. of liver extractT 5 

7 _ 4 + 5 mg. of liver extract 25 

S ae 4+ 0.1 ml. of yeast extract 30 


Complete system contained 2.5 wmoles of FAG and 0.125 umole of FA in a total 
volume of 0.4 ml. of 0.05 m KPO,4, pH 7.4. Incubated for 2 hours at 37°. 

* Calf liver supernatant fluid (80 mg. of protein per ml.) boiled for 2 minutes and 
centrifuged. 

t Hog liver extract (Sigma Chemical Company). 


TaB_e III 
Need for Both Reducing Agent and Activator in N'°-CHO-FA Formation 
Experiment Aged enzyme* Dowex 2 enzymet | Thioglycolate Yeast extract} a 
20 mg. protein 20 mg. protein 5 pmoles 0.57 mg. mumoles 
A + 5 
B + 0 
~ + 0 
- + + 15 


The complete system contained, in addition, 2.5 wmoles of FAG, 0.125 umole of 
FA in total volume of 0.4 ml. of 0.05 m KPO, pH 7.4. Incubated for 2 hours at 37°. 

* Crude extract dialyzed against 200 volumes of 0.05 m KPO,, pH 7.4, for 13 hours 
and then kept in cold room for 2 weeks. 

+t Crude extract dialyzed against 200 volumes of 0.05 M KPO,, pH7.4, for 15 hours. 
Treated with 0.25 volume of Dowex 2-Cl for 30 minu‘ 3. 

t See the text. Fraction precipitated between 50 and 83 per cent alcohol. 
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The chemical properties and behavior upon purification (see below) of 
the factor suggested that it was an organic acid of relatively simple struc- 
ture. Several such acids were tried and it was found that citric acid in 
small amounts activated the enzyme (Table IV). Furthermore, the puri- 
fied factor and citric acid have identical chemical and chromatographic 
properties. However, it cannot be concluded with certainty that the 
factor found in yeast or liver extracts is citric acid since it was not isolated 
in pure form. 


TaBLe IV 
Activation of N'°-CHO-FA Formation by Citric Acid and Related Substances 


N*®-CHO-FA formed 
Addition 

1 hr. 2 hr. 

umole mymoles | mymoles 
0.25 15 40 
Oxalacetate + 0.5 wmole acety] CoA............... 0.5 15 


Activation of N"-CHO-FA formation was not obtained with the following: 0.42 
umole of succinate; 0.86 umole of fumarate; 0.75 umole of p.L-malate; 0.54 ymole of 
L-glutamate; 0.38 wmole of L-aspartate; 0.25 ~ymole of glycolate; 0.5 wmole of gly- 
oxylate; 0.25 ymole of itaconate; or 0.5 wmole of tartrate. 

System: 0.125 wmole of FA, 2.5 wmoles of FAG, 5 wmoles of thioglycolate, and 
20 mg. of dialyzed, Dowex 2-treated extract in a total volume of 0.40 ml. of 0.05 
mM KPO,, pH 7.4. Incubated at 37°. 


Purification of Activator—900 gm. of fresh pressed bakers’ yeast (An- 
heuser-Busch) were crumbled into 1200 ml. of boiling water and 200 gm. 
of Celite were added. The suspension was kept at 95° for 5 minutes, then 
filtered hot through a Celite pad on a large Biichner funnel. Inert mate- 
rial (6 gm.) was removed from the filtrate by centrifugation after the 
addition of 1 volume of alcohol (750 ml.). The bulk of the activator was 
precipitated by addition of 4 more volumes of alcohol and collected by 
centrifugation. The precipitate (8.0 gm.) was dissolved in dilute HCl, 
pH 3, and passed through a Dowex 50-H+ column to remove cations and 
organic bases. The factor was not adsorbed and was washed through the 
column with acidified water (total volume, 100 ml.). About 0.5 gm. of 


i 


| 

| 

| 

| 

| 


A. MILLER AND H. WAELSCH 389 


inert material was precipitated by the addition of 5 volumes of alcohol. 
The filtrate was concentrated in vacuo to about 35 ml. and extracted suc- 
cessively with ether, ethyl acetate, and wet butanol (three times with 50 
ml. of each). Most of the activity was found in the butanol extracts 
which were taken to dryness. The residue was dissolved in water. The 
active factor migrated in 86 per cent butanol as a single spot (Rr = 0.6) 
which could be localized with an acid-base indicator or Rydon and Smith’s 
chlorine-iodide-starch reagent (27). 

Specificity of Activator—As might be expected, cis-aconitic acid and | 
d-isocitric acid were also active in a crude extract of liver, a fact which 
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Fig. 1. Effect of increasing concentrations of citrate on N'°-CHO-FA formation. 
System: 0.125 umole of FA, 2.5 umoles of FAG, 5 umoles of thioglycolate, and 20 mg. 
of dialyzed Dowex 2-Cl-treated protein in a total volume of 0.4 ml. of 0.05 m KPO,, 
pH 7.2. Incubated for 2 hours at 37°. 


indicated the presence of aconitase. However, oxalacetic acid and acetyl 
CoA added alone were inactive, although some activation occurred when 
both were present. This last result seemed to reflect the presence of con- 
densing enzyme in the crude preparation (Table IV). 

In Fig. 1, a concentration curve for citric acid is shown. Maximal 
activity occurs at a concentration of citrate equal to that of FA. More- 
over, citrate disappeared from the system at a rapid rate which was inde- 
pendent of the presence of FA or FAG. When citrate (0.25 umole) was 
preincubated with enzyme for 30 minutes, no formation of N'’°-CHO-FA 
was observed upon addition of FAG and FA and further incubation. 
Conversely, preincubation of FA and citrate, together with enzyme, led 
to an increase in the amount of N'°-CHO-FA formed in a 30 minute in- 
cubation period as compared with a control in which FAG, FA, and citrate 
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were added to the enzyme without preincubation of any of the components. 
These findings appear to indicate that citrate was causing the production 
in catalytic amounts of a substance necessary for the transformylation. 

In an attempt to elucidate the role of citrate, the reaction was carried 
out in the presence of trans-aconitate (28) or cyanide (29), specific inhibi- 
tors of aconitase. No reduction in activation was noted with citrate, 
isocitrate, or cis-aconitate, an observation which may indicate that aconi- 
tase was present in very large excess. 

Since it appeared possible that the three tricarboxylic acids might be 
acting as hydrogen donors for TPN via the isocitric acid dehydrogenase 
reaction, TPNH was assayed as an activator and found to be active at 
low concentrations; DPNH was not active (Table 1V). Only a small 
portion of the added TPNH could be used for the activation of FA since 
TPNH was rapidly oxidized in the system independently of the presence 
of FA. 

Actwation by Sodium Borohydride—Since it appeared likely that a re- 
duction of FA was involved in the activation process, chemical reduction 
was attempted. Addition of sodium borohydride or catalytically reduced 
FA dispensed with the need for boiled extract or a tricarboxylic acid (Table 
V). A reducing agent such as thioglycolate or GSH was still needed. 
It will be noted that activation with borohydride occurred only if it was 
added to FA before the enzyme. If FA was added last, little formation 
of N'°-CHO-FA was found. Under the conditions used, no change of 
spectrum of FA could be detected upon incubation with borohydride, 
although the spectra of FAH, and FAH, differ markedly from that of 
FA (23). This indicates that only catalytic amounts of ‘‘active’” FA 
were produced. 

Activation by Catalytically Reduced FA—Small amounts of catalytically 
reduced FA strongly activated the reaction between FAG and FA.  Re- 
duced FA catalyzed the conversion of about 15 times its concentration of 
FA to N’°-CHO-FA (Table V). This last result and those obtained with 
borohydride indicate the operation of a cyclic mechanism as part of the 
over-all reaction. ~ 

Spectral Analysis of Reaction Mixture—Attempts to make a direct spec- 
tral analysis of the acidified reaction mixture were interfered with to some 
extent by the liberation of ultraviolet-absorbing material upon incubation 
of the enzyme alone. Therefore the crude extract was brought to 40 per 
cent saturation with ammonium sulfate at pH 6.7 and the precipitate 
collected, redissolved in phosphate buffer, and dialyzed. This protein 
solution catalyzed the formation of N'-CHO-FA from borohydride- 
treated FA and FAG in the presence of a reducing agent without liberation 
of ultraviolet-absorbing material. When such a reaction mixture was 
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incubated for 2 hours, deproteinized with perchloric acid, and examined 
spectroscopically with the proper blanks, the results shown in Fig. 2 (Curve 
I) were obtained. The change in spectrum is that expected for a conver- 
sion of FA to N'°-CHO-FA (30). Under the conditions of the experiment 
N’-CHO-FAHs. would be stable and would absorb more strongly in the 


TABLE V 
Activation of N*°-CHO-FA Formation by Sodium Borohydride and by Reduced FA 
Additions Tncubation time 
experiment A. Activation by sodium borohydride 
1. None 1 0 
2 0 
2.2.5 ymoles NaBH, (added to enzyme before folic acid) 1 0 
3. 2.5 umoles NaBH, (added to folic acid before enzyme) 1 5 
2 15 
4. 2.5 upmoles NaBH, (added to folie acid before enzyme) 2 65 
+ 5 ymoles thioglycolate 


Experiment B. Activation by reduced FA 


Reduced FA N‘°-CHO-FA formed 
myumoles mymoles 
12.5 65 
6.3 65 
3.1 50 
1.6 25 
0 


System: 0.125 umole of FA, 2.5 wmoles of FAG, and dialyzed, Dowex 2-Cl-treated 
extract (20 mg. of protein) in a total volume of 0.4 ml. of 0.05 m KPO, pH 7.4. 
In Experiment B, also 5 wmoles of thioglycolate. Incubation time for Experiment 
B, 2 hours at 37°. 


280 to 300 my region, whereas N'°-CHO-FAH, would be converted to 
ACF which has a maximum at 350 my and would absorb strongly in the 
300 to 350 my region (30). 

When substrate amounts of freshly prepared reduced FA and FAG were 
incubated with a liver extract in the presence of a reducing agent, depro- 
teinized with perchloric acid, and examined spectroscopically, a strongly 
absorbing peak at 350 my appeared (Fig. 2, Curve Il). The only known 
formylfolic acid derivative with this property is ACF. This observation 
forms the basis for the assay used in the following paper (31). 
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Mechanism of Formation of N'°-CHO-FA—lt appears likely that citrate. 
TPNH, and borohydride are effective as activators of the enzymatic for- 
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Fic. 2. Spectral changes in acidified incubation mixture. Curve I, system con- 
tained 0.125 umole of FA, 2.5 umoles of NaBH,, 2.5 umoles of FAG, 5 uwmoles of thio- 
glycolate, and a salt-precipitated dialyzed extract containing 20 mg. of protein in 
a total volume of 0.4 ml. of 0.05 mM KPO,, pH 7.2. Incubated for 2 hours at 37°. 
Curve II, system contained 0.125 wmole of catalytically reduced FA, 2.5 wmoles of 
FAG, 5umoles of thioglycolate, and dialyzed, Dowex 2-Cl-treated extract containing 
20 mg. of protein in a total volume of 0.4 ml. of 0.05 mM KPO,, pH 7.2. Incubated for 
30 minutes at 37°; 3 ml. of 3 per cent perchloric acid added at end of incubation to 
precipitate the protein. Curve I, read against incubation mixture lacking FAG; 
Curve II, read against zero time control and corrected for ultraviolet-absorbing 
material liberated by extract alone during incubation. 


mation of N'°-CHO-FA because they promote the formation of catalytic 
amounts of a form of FA which can react with FAG. The results with 
reduced FA indicated that FAH, (cf. Miller and Waelsch (21)) is the active 
compound, and in the following paper (31) the reaction between FAG and 
FAH, will be described in detail. 
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Of immediate interest, however, is the fact that, whereas only catalytic 
quantities of reduced FA are produced (or added), almost total conversion 
of FA to N*°-CHO-FA is observed. Thus some mechanism must exist 
for the regeneration of FAH,y. Hydrogens may be transferred directly or 
indirectly from N'’-CHO-FAH, to FA (equation 1) or the formyl group 
may be transferred to FA (equation 2). 


N'®-CHO-FAH, + FA — N'°-CHO-FA + FAH, (1) 


N'®-CHO-FAH, + FA — FAH, + N'°-CHO-FA (2) 
(The bold-faced type indicates the moiety which is transferred) 


Jaenicke (32) has reported that the formyl group of C'-formyl-labeled 
V"-CHO-FA is incorporated without dilution into serine and purines in 
the presence of a pool of unlabeled formate. Here again, as with the 
results reported, it is necessary to postulate a mechanism involving trans- 
fer (and not hydrolysis) of the formyl group or a series of transhydro- 
genations leading to N'°-CHO-FAH,, since it is this compound and not 
N’-CHO-FA which appears to act as a 1-carbon donor. 

The formation of N'°-CHO-FA may control the amount of available 
FA or provide a “trigger” source of 1-carbon units, which is independent 
of diet. Were this so, the amount of specific reducing substances in the 
cell would exert an internal control of purine synthesis as opposed to con- 
trol by the amount of 1-carbon donors available. Such a mechanism may 
be of particular significance in the regulation of growth and differentiation. 
In this connection it is of some interest that Silverman et a/. (33) have 
isolated N'°-CHO-FA from autolysates of horse liver. However, these 
authors themselves point out that this compound may have arisen non- 
enzymatically from an oxidizable precursor during the isolation procedure. 

Role of FAG in Mammals—The demonstration of a potent enzyme sys- 
tem which catalyzes the formation of N'°-CHO-FA from FAG and FA 
strongly suggests that FAG is a major source in mammals of 1-carbon units 
on the formate level of oxidation. Other reports, cited in the introduction, 
have clearly established that FAG is readily formed from histidine. In 
contrast, the sources of formate in mammalian organisms are quite limited. 
Unlike formate, FAG reacts with FAH, without intervention of high 
energy phosphate. 

FAG is formed from histidine in several microorganisms (4-6) by a path- 
way which appears similar to that which occurs in mammals. However, 
in these microorganisms, FAG is further converted to glutamic acid, formic 
acid, and ammonia (4) or to glutamic acid and formamide (5, 6), and FAG 
seems to be utilized only as a source of glutamic acid. Conversely, the 
metabolism of FAG in liver involves its obligatory utilization as a 1-carbon 
donor. 
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SUMMARY 


The formation in liver extracts of N'°-formylfolic acid from a-L-forma- 
midinoglutarie acid and folic acid is reported. This reaction requires 4 
reducing agent and an activator. Citrate, isocitrate, cis-aconitate, re- 
duced triphosphopyridine nucleotide, catalytically reduced folic acid, or 
borohydride-treated folic acid can serve as an activator. It appears that 
catalytic amounts of tetrahydrofolic acid are formed which react with 
formamidinoglutaric acid to give N'°-formyltetrahydrofolic acid. This 
last compound is then converted by transformylation (to folic acid) or 
oxidation to N'°-formylfolic acid and tetrahydrofolic acid is regenerated 
in a cyclic process. The possible implications of the enzymatic formation 
of N'°-formylfolic acid are discussed. The role of formamidinoglutaric 
acid in mammalian metabolism is considered and contrasted with that in 
some microorganisms. 
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FORMIMINO TRANSFER FROM FORMAMIDINOGLUTARIC 
ACID TO TETRAHYDROFOLIC ACID* 


By ALEXANDER MILLERf anp HEINRICH WAELSCH 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, and the New York State Psychiatric Institute, 
New York, New York) 


(Received for publication, March 7, 1957) 


The enzymatic formation of N!°-CHO-FA! from FA with FAG as the 
specific formyl donor and with a soluble liver extract as the source of en- 
zymes has been described in the preceding paper (1). The specific 1-carbon 
acceptor appeared to be FAH, which functioned catalytically. When FAG 
and substrate amounts of FAH, were incubated with enzyme and the 
reaction mixture acidified, ACF could be detected as the product of the 
reaction. 

In this report, the reaction between FAG and FAH, catalyzed by a puri- 
fied enzyme system is described in detail. With this system, the over-all 
reaction at neutral pH may be pictured as follows: 


FAG + FAH, — N*°-CHO-FAH, + glutamic acid + NH; (1) 


However, as will be shown in this paper, the primary reaction appears to 
be a reversible formimino transfer: 


FAG + FAH, = CHNH-FAH, + glutamic acid (2) 


In preliminary reports (2, 3), we have presented evidence in support of 
reaction (1) and of a reversible formimino transfer reaction. In this paper 
we wish to expand this earlier report and present additional experiments 
dealing with the nature of the enzyme system, the over-all reaction, and, 
especially, the mechanism and products of the formimino transfer reaction. 


* This work was supported by a grant from the National Institute of Neurological 
Diseases and Blindness (grant No. B-226) of the National Institutes of Health, 
Public Health Service, and by a contract between the Office of Naval Research and 
the Psychiatric Institute. Taken from the doctoral dissertation of Alexander 
Miller. 

t Present address, Division of Biology, California Institute of Technology, 
Pasadena, California. 

‘The abbreviations used are as follows: a-L-formamidinoglutaric acid, FAG; 
folie acid, FA; dihydrofolic acid, FAH:2; tetrahydrofolic acid, FAH,; N!°-formylfolic 
acid, N'°-CHO-FA; N*°-formyldihydrofolic acid, N'°-CHO-FAH:; N!°-formyltetra- 
hydrofolic acid, N'°-CHO-FAH,; N*-formyltetrahydrofolic acid (leucovorin), 
CHO -FAH,; the N*5-N'°-imidazolinium derivative of formyltetrahydrofolic acid 
(anhydroleucovorin), ACF; formiminotetrahydrofolic acid, CHNH -FAH,; adenosine 
triphosphate, ATP. 
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RESULTS AND DISCUSSION 


Conversion of FAH, to ACF As Measure of Enzymatic Activity—The 
measurement of the absorption at 350 my of acidified incubation mixtures 
of FAG, FAH,, and enzyme provided a sensitive assay of 1-carbon transfer 
to FAH,. The material absorbing at 350 my could be shown to be ACF, 
which was formed from formylated FAH, upon acidification. 

FAH, was prepared by catalytic hydrogenation with Adamsy’ catalyst of 
FA dissolved in 0.1 N NaOH. Under the conditions used for the reduction 
of FA, it has been reported that only 1 mole of hydrogen is taken up to 
give FAH, (4). However, we observed the smooth uptake of 2 moles of 
hydrogen and that FA was quantitatively converted to FAH, as indicated 
by the enzymatic balance studies reported below. The addition of thio- 
glycolate to solutions of FAH, made it unnecessary to perform incubation 
experiments under anaerobic conditions. 

To facilitate the comparison of results, short incubation periods (usually 
5 minutes) and low concentrations of enzyme were generally used. Under 
such conditions, zero order kinetics, as measured by increase in absorption 
at 350 my after acidification, were obtained. 

Source and Distribution of Enzyme System—The supernatant fluid ob- 
tained after high speed centrifugation of calf liver homogenates provided 
a convenient source of enzyme. From this source, the enzyme system 
could be purified 60- to 80-fold on a protein basis by ammonium sulfate 
fractionation and removal of inert protein with calcium phosphate gel. 
The most purified fraction obtained, designated as Fraction C, was used 
in most experiments. 

To study the distribution of the enzyme system, homogenates of various 
organs of the rat were prepared and centrifuged to remove insoluble pro- 
teins. The soluble proteins of rat liver were roughly as active as those of 
calf liver. The soluble proteins of kidney contained measurable activity 
which, however, was less than one-tenth that of liver. No activity was 
found in the soluble proteins of brain, heart, lung, testes, intestinal mucosa, 
diaphragm muscle, or spleen of the rat. 

pH Optimum—A broad plateau of optimal activity from pH 6.5 to 9.0 
was found when the reaction was carried out in unbuffered solutions care- 
fully adjusted to the desired pH before the addition of enzyme (Fig. 1). 
Buffers were not used since the rate of reaction is strongly influenced by 
various anions and cations. When phosphate buffer was used, constant 
activity was found over the range, pH 6.5 to 7.6. 

Effect of Salts—At a concentration of 0.1 M, all inorganic cations tested 
with the exception of NH,4* strongly inhibited the transformylation reac- 
tion. Addition of NH,*+ caused a 10 per cent stimulation. The other 
ions tested in order of decreasing inhibition were as follows: Lat+*t > 
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Catt > Mgt*+ > Lit > Nat > Kt. With regard to K* (added as po- 
tassium chloride), inhibition appeared to increase linearly in the range of 
concentrations examined (0.05 to 0.14 m). 

A complex situation apparently exists with regard to anions. Whereas 
0.1 M potassium nitrate was strongly inhibitory (65 per cent), potassium 
chloride and potassium sulfate at this concentration induced only a 30 
per cent inhibition. Phosphate and arsenate appeared to be still less in- 
hibitory. Organic anions, in general, were found to be inhibitory and may 
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Fic. 1. pH-activity curve. System contained 50 y (0.1 umole) of FAH,, 2.5umoles 
of FAG, 3.8 wmoles of thioglycollate, and 2.5 wl. of Fraction C (which had been dia- 
lyzed against 0.05 m Versene); total volume of 0.35 ml.; the pH was adjusted before 
addition of enzyme; incubated for 5 minutes at 37°. 


be ranked in order of decreasing effect: fumarate > succinate > citrate > 
acetate. 

Inhibitors Related to FAG—Several compounds structurally related to 
FAG were tested as inhibitors of the transfer reaction. The results of 
these experiments are recorded in Table I. It will be noted that other 
a-formamidino acids, formamidinoacetic acid and y-benzyl FAG, as well 
as formic acid and formamide did not affect the rate of ACF formation 
under the conditions used. Also formylglutamine and formylisoglutamine 
were ineffective. However, several compounds related to the L-glutamic 
acid moiety of FAG and containing two free carboxyl groups were found 
to inhibit the reaction. Formylglutamic acid and acetylglutamic acid 
were effective inhibitors. The function of the former compound as a sub- 
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strate in the transformylation reaction is discussed below. Carbamy]-t- 
glutamic acid did not inhibit under these conditions. The inhibition with 
L-glutamic acid was most striking. The optical antipodes of L-glutamic 
acid and L-aspartic acid were also found to be inhibitors. These results 
may suggest that FAG is bound to the enzyme by its carboxyl groups. _In- 
terpretation of the results obtained is complicated by the effect of organic 
anions in general. The inhibition with L-glutamic acid appears to be due, 


TABLE I 
Inhibition of Transfer Reaction 


Addition S350 My Per cent inhibition 

0.008 93 

0.067 30 


Conditions: 50 y (0.1 wmole) of FAH,, 2.5 umoles of FAG, 2.5 uymoles of thioglyco- 
late, 25 umoles of potassium phosphate buffer, pH 7.4, 4 wl. of Fraction C, and 15 
umoles of inhibitor, except that 3.75 wmoles of y-benzyl FAG were used; total vol- 
ume of 0.35 ml.; incubated for 5 minutes at 37°; reaction stopped by addition of 3 
ml. of 3 per cent perchloric acid. 


at least in part, to reversal of the reaction and will be discussed more fully 
below in connection with the mechanism of the reaction. 

Inhibitors Related to FAH s—Several compounds containing the N -ben- 
zoylglutamic acid moiety were found to be potent inhibitors of the transfer 
reaction although p-aminobenzoic acid was ineffective as an inhibitor. 
With use of the same conditions as given in TableI (with a concentration of 
3 X 10-*m FAH,), a 50 per cent inhibition was found with 2.5 K 107° 
p-aminobenzoylglutamic acid and with 1.5 &K 10-* m p-iodobenzoylglutamic 
acid. Much more effective inhibitors were p-acetylaminobenzoylglutamic 
acid and p-formylaminobenzoylglutamic acid, both of which caused a 50 
per cent inhibition when present at a concentration of 3 K 10-*m. FA at 
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this concentration induced about a 20 per cent inhibition. By way of 
comparison, 3.6 X 10-*m glutamic acid is needed to obtain a 50 per cent 
inhibition. 

Specificity of Formyl Donor—As shown in Table II, Experiment A, the 
purified enzyme is apparently free from the urocanase system since urocanic 
acid was inactive. Also, ACF was not formed with formate, even in the 
presence of ATP, a result which indicated that the tetrahydrofolate formy- 
lase described by Greenberg (5) was not present. Formamidinoacetic acid 


TABLE II 

Specificity of Formyl Donor 
Lxperiment Addition Mu 
A FAG (2.5 umoles) 0.150 
acid 0.014 
0.003 
0.004 
Formamidinoacetic acid 0.000 
y-Benzyl FAG 0.023 
Urocanie acid 0.006 
Formamide 0.000 
Formic acid 0.002 
+ 0.125 umole of ATP 0.002 
441.25 ymoles “ “ 0.005 
B FAG (2.5 umoles) 0.349 
Formy]-u-glutamic acid (10 ymoles) 0.149 


Conditions: Experiment A, 50 y (0.1 umole) of FAH,, 2.4 wmoles of thioglycolate, 
dul. of Fraction C; Experiment B, 100 y of FAHs,, 5 umoles of thioglycolate, 100 ul. 
of Fraction C; both contained 5 wmoles of substance tested (except where noted) 
and 25 uymoles of potassium phosphate buffer, pH 7.4, in total volume of 0.35 ml.; 
incubated for 60 minutes at 37°; reaction stopped by addition of 3 ml. of 3 per cent 
perchloric acid. 


was completely inactive and only a small amount of activity was found 
with y-benzyl FAG. 

Although no ACF was formed with formylglutamine or formylisoglu- 
tamine, asmall increase in absorption at 350 my was noted after incubation 
with formylglutamic acid. When the amounts of formylglutamie acid, 
FAH,, and enzyme were increased, a considerable increase in absorption 
at 350 mu was noted (Table II, Experiment B). The activity found with 
formylglutamiec acid is of considerable interest with regard to the mecha- 
nism of the transformylation reaction and will be discussed below. 

When y-benzyl FAG was tested under the same conditions as formylglu- 
tamie acid (Table II, Experiment B) almost as much ACF was found as 


L- 

h 

ic 

ts 

e, 

15 
- 

3 

y 

\- 

r. 

of 

M 

it 


402 FORMIMINO TRANSFER 


with FAG. It can not be decided at present if the activity of y-benzy! | 
FAG is the result of its previous conversion to FAG. Recently, it was ' 


found that formamidinosuccinic (formiminoaspartic) acid is about. as 
active as formylglutamic acid. However, formamidinoacetic acid, formyl- 


isoglutamine, formylglutamine, and acetylglutamic acid are inactive even | 


with large amounts of enzyme and FAH. 
Although the specificity of the enzyme is not absolute, FAG appears to 


be the only known compound which can act as a formyl! donor with this | 


enzyme system under physiological conditions. 

Specificity of Formyl Acceptor—FAH, synthesized by chemical reduction 
of FA would be expected to have a new asymmetric center at position 6, 
Experiments in which transformylation was allowed to go to completion 
showed that only one-half the amount of added FAH, was converted to 
ACF. This indicates that the enzyme has absolute specificity with regard 
to the isomers at position 6. 

Only two substances have been tested for the ability to replace FAH, 
as an acceptor. Pteroylaspartic acid and Teropterin (an impure commer- 
cial preparation of pteroyltriglutamic acid) were reduced under conditions 
identical with those used for FA. Both compounds were found capable 
of replacing 

Reduced pteroylaspartic acid, at a concentration equal to that used 
with FAH, (3 X 10-4 Mm) yielded about one-half as much 350 my-absorbing 
material as the latter compound under the usual reaction conditions (ef. 
Table I). At twice this concentration, reduced pteroylaspartic acid and 
FAH, were equal in activity. These results suggest that, although the 
affinity of the enzyme for the aspartic compound is less, the two enzyme- 
substrate complexes are equally reactive. This interpretation is supported 
by the fact that addition of reduced pteroylaspartic acid to an incubation 
mixture containing FAH, causes no diminution in rate of reaction. Pter- 
oylaspartic acid has not been found to occur in natural materials. 

Reduced pteroyltriglutamic acid appears to be at least as active as 
FAH,. When the former compound (assumed to be pure) was added to 
incubation mixtures in a concentration equal to that usually used with 
FAH,, the extent of absorption at 350 mu was approximately the same as 
that found with FAH, (low enzyme concentration, 5 minute incubation). 
However, with high enzyme concentration and a 1 hour incubation, only 
half the absorption at 350 my was obtained with Teropterin as with FAH,, 
a result which indicated that the former compound was only about 50 per 
cent pure. Thus, the possibility exists that reduced pteroyltriglutamic 
acid is a more efficient formyl acceptor than FAH. 

The non-specificity with regard to the formyl acceptor shown by this 
enzyme does not allow for a decision to be made as to whether reduced FA 
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or a conjugate is active as an acceptor of the amidine carbon of FAG under 
physiological conditions. However, it should be noted that only uncon- 
jugated forms of FA have been found to be present in the free state in 
mammals. 

Although Greenberg et al. (6) have shown that N'°-CHO- FAH, can act 
as a direct formyl] donor, they state ‘‘it is not suggested that FAH, as such 
is the natural carrier, but that it represents a convenient model system” 
and cite reports from several laboratories which indicate that 1-carbon 
cofactors more stable than FAH, may exist. However, these reports all 
deal with crude systems and the stability of FAH, to oxidation in these 
systems, in which naturally occurring reducing agents may be present, is 
unknown. Also, the possibility of small amounts of tetrahydro derivatives 
acting catalytically, discussed in the preceding paper (1), cannot be ignored. 

At present, there seems to be no decisive reason to reject FAH, as the 
naturally occurring acceptor for the FAG transformylation. However, 
the possibility must certainly be kept in mind that another derivative of 
FA may be active in vivo. 

Products of Reaction; Stoichiometry—It has been assumed that ACF is 
the substance measured at 350 my after acidification of reaction mixtures. 
The evidence for the occurrence of this compound is indirect and based on 
spectrographic and chromatographic comparisons with synthetic ACF. 

When the reaction between FAG and FAH, (which was present in lim- 
iting amounts) catalyzed by Fraction C was allowed to go to completion 
and the reaction mixture acidified, a difference in the spectrum was ob- 
tained which corresponded quantitatively to that expected for conversion 
of half (one diastereoisomer) of the FAH,to ACF. Upon chromatography 
in 0.5 m formic acid, a spot was observed with an Ry, (0.4) and a character- 
istic yellow-white fluorescence in ultraviolet light identical with that of 
synthetic ACF. This spot was absent when FAG was omitted from the 
reaction mixture. Upon elution of the spot with 0.2 m HCl, the solution 
exhibited the spectrum of ACF (7). 

If an unacidified reaction mixture was chromatographed in 0.5 M 
KPO,, pH 7.4, and compared with a reaction mixture from which FAG 
had been omitted, a new blue-fluorescing spot with an Ry = 0.5 appeared. 
When ACF or the acidified reaction mixture was chromatographed in the 
neutral solvent, an identical spot appeared. The R, and fluorescence are 
those expected for N'°-CHO-FAH, (8). This compound would be formed 
very rapidly by exposure of N'°-CHO-FAH, to air. ACF, formed upon 
acidification, would be reconverted to N!°-CHO- FAH, upon neutralization 
(7). In neither chromatogram was the appearance of N'°-CHO- FA noted. 

Direct spectral evidence is consistent with N'°-CHO-FAHy, being the 
ultimate product of the reaction at neutral pH. In Fig. 2, the absorption 
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spectrum of the reaction product, corrected for residual FAH,, is shown. 
In Curve I, the correction was made by assuming that 50 per cent of the 
added FAH, reacted while Curve II was obtained by assuming that the 
amount of FAH, remaining equalled the initial amount minus the amount 
of ACF formed (determined in an acidified aliquot). The curves are in 
reasonable agreement and, moreover, are consistent qualitatively and 
quantitatively with that which would be expected for the calculated 
amount of N!°-CHO- FAH, (7). 

The validity of reaction (1) was tested by measurements of the formation 
of glutamic acid and ammonia. These substances were shown to be formed 
in amounts equimolar with that of the ACF measured after acidification 
of an incubation mixture (Table ITI). 3 


TaBLeE III 
Stoichiometry of Reaction 
Added Found* 
Experiment No. Incubation 
FAH, FAG ACF Glutamic acid NH; 
min. pmole umole umole umole umole 
1 205 0.84 0.52 0.29 0.3 
2 120 0.84 0.52 0.32 0.34 


In addition each experiment contained 20 umoles of thioglycolate, 0.05 mM potas- 
sium phosphate buffer, pH 7.4, and 20 wl. of Fraction C (dialyzed in Experiment 2), 
in a total volume of 0.7 ml. 

* All values are corrected for blanks. 


Mechanism of Transfer of Formimino Group 


The mechanism of formation of N!°-CHO-FAH, from FAG and FAH, 
has been studied with regard to reversibility, the nature of the reaction, 
and the presence of observable intermediates. Experiments concerned 
with these questions are reported in this section. 

Intermediate Reaction Products—In the preceding section the results of 
a direct spectral analysis of the reaction mixture after long incubation are 
presented (Fig. 2). The changes found, an increase in absorption at 260 
muy and a larger decrease at 300 my, corresponded quantitatively to a con- 
version of FAH, to the N'°-formyl compound. When the time course of 
the changes at these two wave lengths was studied, the decrease at 300 
my was found to precede the increase at 260 my (Fig. 3). This is presump- 
tive evidence for the accumulation of a labile intermediate which is then 
converted to N'°-CHO-FAH,. The probable nature of this intermediate 
is considered below. 
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Non-Incorporation of N'®H;—It seemed likely that the first reaction 
taking place was an exchange in which the amidine carbon of FAG is at- 
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Fic. 2. Spectrum at neutral pH of the formylated reaction product. System: 
0.42 umole of FAH,, 10 uwmoles of FAG, 20 umoles of thioglycolate, 40 ul. of Fraction 
C, 0.05 Mm potassium phosphate buffer, pH 7.4; total volume of 1.4 ml.; incubated for 
70 minutes at 25°. Read in cuvettes with 0.1 em. path length. The dashed lines are 
the absorption spectra of the experiment at 70 minutes (final) and of the control 
lacking FAG at either zero or 70 minutes (initial) read against a cuvette lacking 
FAH,. The solid lines are calculated and corrected for residual FAH, by assuming 
either, Curve I, 50 per cent conversion of FAH, or, Curve II, amount of FAH, re- 
maining is equal to initial amount minus ACF formed (as determined on an aliquot 


of the reaction mixture). 


tacked by the 5 or 10 nitrogen of FAH, with displacement of either the 
glutamic moiety or the amino group. If the latter group were displaced, 
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the probability was that N'5H; added to reaction mixture would be incor. 
porated into FAG. The over-all reaction, as measured by ACF formation, 
was allowed to proceed to completion in the presence of N'°H3. A control 
without FAH, was incubated simultaneously. Free ammonia and am- 
monia derived from the labile amidine group were isolated and analyzed 
for N’ content (Table IV). According to our data, no more than 1 per 
cent of the ammonia present was incorporated into FAG. Such a small 
value is within the error of the analytical methods used. 

Incorporation of C'-Glutamic Acid—When the reaction was carried out 
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Fic. 3. Direct spectral observation of the reaction. Conditions as in Fig. 2. 
Incubated at 25° in Beckman cuvettes with 0.1 cm. path length and read against 
blank lacking FAG. 


in the presence of a small quantity of C'™-glutamic acid and the reaction 
mixture chromatographed, activity was found only in spots corresponding 
to FAG and glutamic acid. The counts in the FAG were compared with 
those remaining in glutamic acid at different reaction times (Fig. 4). 

The rate of incorporation of isotope into FAG appears to parallel the 
rate of formation of ACF, which is, in turn, dependent upon the amount 
of FAH,, which was limiting in this experiment. Furthermore, the final 
value for exchange is about 25 per cent incorporation into FAG whereas 
54 per cent? would be expected at equilibrium under these experimental 


2 In a preliminary communication (3), this value was erroneously reported as 75 
per cent. 
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TaBLe IV 

Incorporation of into FAG 

trol — 

am- Plus FAH, Less wane 

“zed ACF formed, umoles* 2.2 0 

per N'5 atom % excess in 

nal| Free NH; 9.3 15.3 
Alkali-labile NHstf 0.11 0.024 

out % N in FAG derived from free NH; 0.7-1.2 0.16 


System: 4.4 umoles of FAH,, 4.8 wmoles of FAG, 1.22 wmoles of N'*H4NO, (32.5 
per cent atom per cent excess), 100 umoles of thioglycollate, dialyzed Fraction C 
(containing 544 y of protein) in a total volume of 7.4 ml. Blank, minus FAH,. In- 
cubated for 5 hours at 37°. For quantitative data on free and alkali-labile NH; 
concentration and dilution see ‘‘Experimental.’’ 

* Determined in acidified 0.1 ml. aliquot. 

t N'5 in the imino N of FAG. 


| +4250 
20 +200 
Ou 
© E 
x 
= 
x 
x o--0o ACF 
| 7.0. 
nst 5 
1 i 
25 50 75 700 
lon MINUTES 
ing Fic. 4. Incorporation of C'*-glutamic acid into FAG. System contained 0.56 umole 


ith of FAH,, 0.60 umole of FAG, 0.01 umole of C'*-glutamic acid, 12.5 umoles of thio- 
glycolate, 0.05 M potassium phosphate buffer, pH 7.4, and 20 ul. of Fraction C; total 
h volume of 0.925 ml.; incubated at 37°. At the indicated times, 0.1 ml. aliquots were 
ne added to 3 ml. of 0.1 N HCl and the absorption at 350 my determined (©) or 10 ul. 
int aliquots were applied as short streaks to paper with rapid drying. After chromatog- 
ial raphy, per cent incorporation into FAG (@) was determined by counting directly 
“as on paper. ACF formed (micromoles) = ({D] X 3.0)/(0.925 X* 2.2). After 125 
minutes, micromoles of ACF = 0.27 umole (maximum expected conversion = 0.28 
umole). At 125 minutes of a total of 705 ¢.p.m., 625 e.p.m. (74.5 per cent) were 
75 found in glutamic acid and 180 ¢.p.m. (25.5 per cent) in FAG whereas at isotopic 
equilibrium, 54 per cent (((0.60 — 0.27)/0.60) K 100) of counts would be expected 
to be in FAG. 
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conditions. This result is consistent with the postulate that CHNH- FAH, | 


is the first product of the reaction (reaction (2)) and that this compound is 
then converted to N!°-CHO-FAH,. This conversion must be irreversible 
since the exchange reaction with glutamic acid does not reach equilibrium 
and since no exchange occurs with ammonia. 

Reversibility—The results obtained with C'™-glutamic acid and the spec- 
tral observations indicating the accumulation of an intermediate suggested 
that reversal of the transfer reaction might be observed in the thermody- 
namic sense. The reaction was allowed to proceed for 1 to 5 minutes after 
which L-glutamic acid was added to the reaction mixture and incubation 
continued for 10 to 14 minutes (Table V). Although a small amount of 
synthesis occurred in the incubation mixture which contained glutamic 


TABLE V 
Reversal of Transfer Reaction by Glutamic Acid 
A250 My 
Time of addition (#) Change 
At time (1) At 15 min. 

0.122 0.091 —0.031 
No addition or buffer added at time, ¢t....... 0.160 


System: 50 y of FAHs, 2.5 uwmoles of FAG, 2.5 umoles of thioglycolate, 4 ul. of 
Fraction C, 0.05 M potassium phosphate buffer, pH 7.4, total volume of 0.3 ml.; in- 
cubated at 37°. At time, ¢, either buffer or 1.5 wmoles of L-glutamic acid (in 0.05 
ml.) added followed by 3 ml. of 3 per cent perchloric acid at 15 minutes or perchloric 
acid added immediately. 


acid at zero time, a decrease in formylated FAH, was observed in those 
incubation mixtures in which reaction had proceeded for a time before the 
addition of glutamic acid. Since the formation of ammonia is apparently 
irreversible, it is likely that the results obtained are due to a reversal of 
reaction (2). When the data of Table V are plotted, it may be seen that 
there is a tendency for all reaction mixtures in which glutamic acid is pres- 
ent to approach the same final value for extent of reaction, equivalent to 
an optical density reading of about 0.030 at 350 mu. This suggests that 
for reaction (2) equilibrium lies far to the left and that the reaction pro- 
ceeds to the usually measured extent only because this equilibrium is dis- 
placed to the right by removal of the CHNH-FAH, by an irreversible re- 
action. In view of the rapid decrease in rate and the apparent 
accumulation of an intermediate, this irreversible step appears to be rela- 
tively slow compared to the initial transfer reaction. 
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Reaction with Formylglutamic Acid—In a preceding section, it was 
noted that formation of a compound having an absorption at 350 mu was 
found in acidified reaction mixtures in which FAG was replaced by formyl- 
glutamic acid. Although the saturating concentrations of the two formyl 
donors are of the same order of magnitude, the rate of reaction with FAG is 
about 100 times faster than with formylglutamic acid. Therefore, with 
the latter compound, it was found necessary to increase greatly both the 
amount of the enzyme used and the time of incubation. The kinetics of 
the reaction were similar to the kinetics obtained with FAG in that with 
a greatly increased time scale, a similar falling off of rate with time was 
observed long before the reaction had gone to completion. 

The spectrum obtained after acidification was consistent with a conver- 
sion of FAH, to ACF. However, maximal color development at 350 my 
was not reached until about one hour after acidification. ACF would be 
formed on acidification of either V®°-CHO- FAH, or N!°-CHO-FAHs,. Chro- 
matograms of the neutral reaction mixture gave some indication of which 
of the two formyl compounds was formed enzymatically. It has been 
mentioned that a fluorescent spot corresponding to N!°-CHO-FAHs: can 
be detected when a reaction mixture in which FAG has served as the formyl 
donor is chromatographed in neutral or basic solvents. When formylglu- 
tamic acid was used as a formy]! donor, no new fluorescent spot was found 
under these conditions. However, when these chromatograms were ex- 
posed to hydrochloric acid fumes, fluorescent spots appeared at a location 
which coincided with the location of N®-CHO-FAH, chromatographed un- 
der similar conditions. The fluorescence can be attributed to ACF formed 


N®-CHO-FAH 4. 


In weakly acidic solvents, e.g. 0.5 N formic acid, N'°-CHO- FAH, is con- 
verted to ACF while, in short periods, the N°-formyl compound is largely 
unchanged. When a formylglutamic acid reaction mixture was chroma- 
tographed in weak acid, no new fluorescent spot was found. Again, upon 
exposure to strong acid fumes, a fluorescent spot appeared at the location 
expected for N®°-CHO- 

These results suggest that the reaction catalyzed by the enzyme may be 
pictured as follows: 


Formylglutamic acid + FAH, — glutamic acid + N°-CHO-FAH, (3) 


Since the formyl] group of formylglutamic acid is transferred to the 5 N 
of FAH, it is likely that the primary product of the reaction between FAG 
and FAH, is N®°-CHNH- FAH, and not the corresponding 10 N derivative. 
Whereas N*°-CHO-FAH, is not acted upon further, V®°-CHNH-FAH, un- 
dergoes loss of ammonia and rearrangement to yield ultimately 
N'.CHO-FAH, (see below). 

Substrate Concentration-Initial Velocity Curves—Initial rates of ACF 
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formation at constant enzyme concentration and varying FAG or FAH, 
concentration were obtained by adjusting conditions so that the rate of 
formation of ACF was constant for the time period (5 minutes) used. 
When the concentration of FAG was varied while the concentration of 
FAH, was held constant at different levels, Lineweaver-Burk plots (9) 
of the data yielded a family of straight lines which increased in both slope 
and intercept as the level of FAH, was decreased. Similar data were 
obtained when the FAH, concentration was varied and the concentration 
of FAG held constant at different levels. 

Alberty (10) has shown that for two substrate-enzyme-catalyzed reac- 
tions, if any of several reaction mechanisms are assumed, the initial rate 
of reaction, vo, is governed by the expression 

1 1 K, . Kap ) 


(4) 


where Vax 18 the maximal velocity at the enzyme concentration used and 
K,4, Kz, and K4»s are constants whose significance depends on the partic- 
ular mechanism assumed. The data obtained were found to be in quanti- 
tative agreement with equation (4) when analyzed by the method suggested 
by Alberty (10). 

The average values of the kinetic constants were found to be 


Ka = Kraca = 0.0313 m 
Ke = Kran, = 0.00158 m 
Ka = Krac-ran, = 4.32 X 10~* (mole per liter)? 


If only one isomer of FAH, is enzymatically active and the other isomer 
is inert, then Ayan, and Kyac.ran, Would have half the value given. How- 
ever, if the inactive isomer of FAH, exerts an inhibitory influence on the 
reaction, the derived constants lose their quantitative significance. 
Regardless of the numerical significance of the kinetic constants, the 
fact of overriding importance is that the kinetics of the reaction can be 
described by equation (4). The need for a fourth reaction constant, 
Kyac.ran, @liminates mechanisms in which one substrate can react with 
the enzyme to form a product, z.e., formimino-enzyme. A rate expression 
not containing the term A, , has been shown to govern such a reaction 
(cf. Alberty (10), equations (11) and (13)). The exchange data with C"- 
glutamic acid (Fig. 4) are also inconsistent with the formation of formimino- 
enzyme since exchange was found to be dependent on the presence of FAH«. 


3 An alternative test for the fit of kinetic data to equation (4) has been given by 
Hakala et al. (11). When this test was applied to the present data, quantitative 
agreement with equation (4) was found. 
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Mechanism of Transfer Reaction—A tentative mechanism for the forma- 
tion of N'°-CHO- FAH, is presented in Fig. 5. The exchange and reversal 
observed with glutamic acid when compared with the irreversibility of the 
over-all reaction and ammonia formation strongly suggest that it is the 
formimino group which is transferred to FAH, yielding glutamic acid 
directly (Step 1). On the basis of the experiments with formylglutamic 
acid, the other product of the reaction is written as N®°-CHNH-FAH, 
rather than the N'°-formimino compound. The kinetic and exchange data 


For-mimino Transfer 


H 
COOH cH. COOH A 


CHa 
CHNH2 H 
COOH COOH 


[21Elimination of Ammonia 


[3] Hydrolysis | or directly 
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Fic. 5. Mechanism of the transfer reaction 


appear to rule out the intermediate formation of formimino-enzyme and 
the major role of the enzyme, aside from promoting juxtaposition of the 
substrates, is visualized as being that of an acid-base catalyst functioning 
perhaps by removing a proton from the formamidinium group, thereby 
making it more susceptible to attack by base. However, nothing is known 
of the ionic states of the substrates when bound to the enzyme. Step 1 
is written as a concerted reaction for convenience in representation only 
and is not meant to exclude stepwise electron transfer. 

Of considerable interest with regard to the mechanism of the transfer 
reaction are the recent observations of Sagers ef al. (12) and Rabinowitz 
and Pricer (13) on formamidinoacetic acid (formiminoglycine) degradation 


Ec 
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by extracts of Clostridium cylindrosporum. According to the latter authors 
the reaction may be pictured as follows: 


Formamidinoacetic acid + FAH, — N'*-CHO-FAH, + glycine + NH; 


Sagers et al. had previously reported that glycine exchange occurred 
during this reaction. Rabinowitz and Pricer have reported the transitory 
formation of an intermediate with the spectral characteristics of ACF, 
z.e. With an absorption maximum at 356 my at pH 7.0. Furthermore, 
these authors have shown that the enzyme system will catalyze the con- 
version of ACF to N!°-CHO- FAH, (see Step 3 in Fig. 5). 

If the reaction catalyzed by the calf liver enzyme system follows an 
analogous path, then the transfer of the formyl group from the 5 N to the 
10 N of FAH, and formation of ammonia might proceed by Steps 2 and 3 
shown in Fig. 5 with the intermediate formation of ACF. 

After this work was completed, a short communication of Rabinowitz 
and Pricer (14) described a formimino transfer from formamidinoacetic 
acid to FAH, by a mechanism essentially as shown in Fig. 5. They showed 
that three enzymes, catalyzing formimino transfer to the 5 N of FAH,, 
ACF formation, and ACF hydrolysis, respectively, are necessary for the 
formation of N’°-CHO-FAH,. Tabor and Rabinowitz (15) have presented 
somewhat less direct evidence that three rabbit liver enzymes concur in 
the formation of N'°-CHO-FAH, from FAG and FAH. 

The formation of FAG from histidine and its utilization as a 1-carbon 
donor clearly support the idea that histidine is a major source of 1-carbon 
units in mammals. In preliminary reports from several laboratories (8, 
16, 17), the synthesis of histidine by mammalian liver enzymes is reported. 
These experiments suggest that the amidine carbon of histidine may arise 
from carbon dioxide or a carbon atom at this level of oxidation. A path- 
way for the endogenous synthesis of 1-carbon units at the formate level of 
oxidation, involving histidine formation and utilization via FAG, would 

then be operative. 


EXPERIMENTAL 


Materials—The preparation of FAG, the y-benzyl ester of FAG, and 
formamidinoacetic acid are described in the preceding paper (1). The 
N-formy] derivatives of glutamic acid (18), glutamine (18), and y-ben- 
zylisoglutamine were prepared by treatment of the corresponding amines 
with formic-acetic anhydride. N-Formylisoglutamine was obtained by 
hydrogenolysis of its benzyl ester (18). Formamidinosuccinic acid was a 
gift of Dr. H. Tabor. Acetylglutamic acid was prepared by the method 
of Knoop and Blanco (19), and carbamylglutamic acid was made according 
to the procedure of Nye and Mitchell (20). Highly purified FA, ACF, 
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N*-CHO-FAH,, pteroylaspartic acid, and Teropterin were gifts of Dr. H. 
Broquist, Lederle Laboratories. Commercial p-aminobenzoyl-L-glutamic 
acid was recrystallized before use. Iodobenzoyl-L-glutamic acid was pre- 
pared from p-aminobenzoyl-L-glutamic acid by the method of Cosulich 
and Smith (21). The latter compound was acetylated by an adaptation 
of the procedure of Knoop and Blanco (19) and formylated in the manner 
described by du Vigneaud and Patterson (22). 

FAH,—FA (2 mg.) was dissolved in 1 ml. of 0.1 M NasCO3, about 15 to 
20 mg. of Adams’ catalyst were added, and water-saturated hydrogen was 
bubbled through for 4 to 5 hours. While still under an atmosphere of hy- 
drogen, the solution was treated with 1 ml. of 0.1 m thioglycolic acid, which 
served to neutralize the solution and to poison the catalyst. The catalyst 
was removed by filtration in vacuo and the solution of FAH, either used 
directly without further precautions or stored frozen in vacuo. When 
stored in this manner, FAH, appeared to be stable for at least one week as 
judged by enzymatic activity. 

When it was desired to follow hydrogen uptake, the reduction was carried 
out in Warburg manometers at atmospheric pressure with shaking. 

Assay—Incubations were usually carried out in 12 ml. conical centrifuge 
tubes. For incubations of 5 minute duration all components of the reac- 
tion mixture except enzyme were incubated together for 3 to 5 minutes 
after which the enzyme was added. The reaction mixture had a total 
volume of 0.35 ml. and the reaction was stopped by the rapid addition of 
3 ml. of 3 per cent perchloric acid. When crude enzyme preparations were 
used, protein was removed by centrifugation. With purified enzyme, the 
removal of protein was unnecessary. The absorption of the acidified re- 
action mixtures at 350 my was measured in the Beckman spectrophotometer 
after 15 minutes and remained constant for about 5 hours. Correction 
was made for the small blank obtained with reaction mixtures lacking 
FAG. The difference in molar extinction coefficient at 350 my between 
ACF and FAH, was taken as 22,000 (7). 

Purification of Enzyme—A typical preparation of purified enzyme is 
summarized in Table VI. Calf liver was obtained fresh from the slaughter- 
house and stored at —15°. 900 gm. of liver were homogenized with 900 
ml. of 0.05 m KPO, and the homogenate was centrifuged at 21,000 r.p.m. 
(head No. 21, model L Spinco ultracentrifuge) at 0° for 1 hour. The super- 
natant fluid was recentrifuged in the same instrument at 30,000 r.p.m. 
(head No. 30) for 1 hour. The volume of the crude extract thus obtained 
was 750 ml. All purification steps were carried out at 4°. 

To 600 ml. of the crude, undialyzed extract were added 300 ml. of a 


‘In the presence of oxygen, platinum oxide rapidly catalyzes the oxidation of 
FAH, (4). 
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neutralized saturated solution of ammonium sulfate. After 6 hours, the 
precipitate was collected by centrifugation at 18,000 r.p.m. for 30 minutes 
in the Servall centrifuge. The precipitate was washed two times with a 
2:1 mixture of 0.05 mM phosphate buffer and saturated ammonium sulfate 
(about one-half the original volume each time) and dissolved in 450 ml. 
of 0.05 Mm KPO,4, pH 7.4 (Fraction A). 

Fraction A was brought to pH 5.4 with acetic acid and 1 volume of 
Ca;(POs,4)>2 gel (75 mg. of solids per ml.) (23) was added with stirring. After 
15 minutes, the suspension was centrifuged and the precipitate discarded. 
The supernatant liquid which had a volume of 675 ml. is Fraction B. 

1 volume of saturated ammonium sulfate was added to 3 volumes of the 
still acidic Fraction B. After 20 minutes, the precipitate was collected by 


TaBLe VI 


Purification of Formamidinoglutaric Transformylase 


Fraction Volume Protein Ba rare Total units Yield 

mg per cent 

600 60, 240 1.8 | 108,500 100 
19,040 5.1 96, 800 89 
B. Gel supernatant solution... ... 3,060 21.0 | 66,200 61 
C. Acid (NH,)2SQO,............... 65 338 127.0 42,900 40 


Assay system: conditions as in Table I. 

* A unit is defined as that amount of protein which causes an increase of 0.100 in 
optical density at 350 my in 5 minutes under conditions where the rate is linear. 
Specific activity is equal to the units per mg. of protein. 


centrifugation (Servall centrifuge) and dissolved in 65 ml. of 0.05 m phos- 
phate, pH 7.4 (Fraction C). 

No further purification of the enzyme system was attempted. No loss 
in enzymatic activity has been noted after storage of crude extracts of the 
purified protein at —15° for 1 year. 

No change in activity was noted after dialysis against phosphate buffer 
or 0.05 m Versene, pH 7.4. 

Determination of Glutamic Acid and Ammonia—Chromatograms were 
prepared by the ascending front technique with Whatman No. 1 filter 
paper. Glutamic acid was determined by chromatography in éert-butanol, 
formic acid, water (70:15:15) of an aliquot of an unacidified reaction 
mixture. The glutamic acid was visualized by spraying the dried paper 
with 0.1 per cent ninhydrin in acetone and determined by comparison with 
known concentrations of the amino acid treated in an identical manner. 

Ammonia was determined on unacidified aliquots of reaction mixtures. 
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An aliquot of 0.5 ml. was diluted with 1.0 ml. of water and shaken for 4 
hour with 50 mg. of Permutit (Folin). The Permutit was washed two 
times with 1.0 ml. of water and the water thoroughly drained off. The 
ammonia was eluted by the addition of 0.4 ml. of 1.5 Nn NaOH followed by 
gentle shaking for 10 minutes at 0°. After the addition of 1.0 ml. of water 
and centrifugation, a 1.0 ml. aliquot was taken and added to 2.0 ml. of 
water in a cuvette. After the addition of 0.3 ml. of Nessler’s reagent the 
optical density was read at 387 my. Ammonia was determined by com- 
parison with standards carried through the same procedure. 

Experiments with N'°H;—Conditions for the experiments with N!°H; are 
given in Table IV, legend. After incubation, the reaction mixture was 
shaken with 500 mg. of Permutit (Folin) for 30 minutes and the supernatant 
fluid removed. The Permutit was washed three times with 1 ml. portions 
of water. The Permutit was quantitatively transferred to a Kjeldahl 
flask and the ammonia liberated, distilled, and titrated. The experiment 
and blank contained 53 and 35 y of N, respectively. 

The original supernatant liquid and first washing were transferred into 
a Kjeldahl flask and attached toa Kjeldahl distillation apparatus. Alkali- 
labile ammonia was liberated by the addition of alkali, steam-distilled in 
the usual manner, and titrated with N/70 HCl. The experiment and blank 
contained 86 and 99 y of N, respectively. 

To each titration flask, 0.5 mg. of N as ammonium sulfate was added. 
After acidification and concentration, ammonia was redistilled into sulfuric 
acid and the distillates were concentrated. Ammonia was then converted 
to nitrogen and N'® determined in the mass spectrometer. A Process and 
Instrument mass spectrometer was kindly made available by Dr. S. Graff. 

Experiment with C'-Glutamic Acid (Fig. 4)—At the times indicated, 
10 wl. aliquots of the reaction mixture were placed on Whatman No. 1 
filter paper as a streak 25 mm. in length and quickly dried with a stream of 
air. All aliquots were placed on the same sheet of paper and chroma- 
tographed for 16 hours in ¢ert-butanol, formic acid, water (70:15:15). 
The isotopic content of the glutamic acid and FAG was determined by 
cutting the paper into segments 28 K 10 mm. (or 28 X 5 mm. when finer 
resolution was desired) and counting these segments directly with a thin 
end window Geiger counter (Nuclear Instrument and Chemical Corpora- 
tion). The total counts per minute for a single aliquot were 650 + 40. 


SUMMARY 


1. The reaction between a-L-formamidinoglutaric acid and tetrahydro- 
folic acid as catalyzed by mammalian liver enzymes is discussed and shown 
to lead to formation of N'°-formyltetrahydrofolic acid, glutamic acid, 
and ammonia. 

2. A purification of the enzyme system is described. The pH optimum, 
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the effect of salts, and the inhibition of the reaction by analogues of form- 
amidinoglutaric acid and tetrahydrofolic acid are reported. 

3. The specificity of the reaction with regard to the formy! donor and 
acceptor is examined. Only one isomer (at position 6) of tetrahydrofolic 
acid appears to be active. Reduced pteroyltriglutamic acid and pteroyl- 
aspartic acid substitute for tetrahydrofolic acid. Formylglutamic acid 
can replace formamidinoglutaric acid as a donor but in this case the prod- 
uct of the reaction appears to be N°-formyltetrahydrofolic acid. 

4. Experiments with isotopically labeled glutamic acid and ammonia 
indicate that the formation of glutamic acid is reversible while the forma- 
tion of ammonia is not. Thermodynamic reversibility can be demon- 
strated with glutamic acid. 

5. Kinetic analysis as well as isotope exchange experiments make it 
unlikely that formimino-enzyme is formed as an intermediate. 

6. A mechanism for the reaction is suggested involving the following: 
(a) freely reversible transfer of the formimino group of formamidinoglu- 
taric acid to tetrahydrofolic acid to give glutamic acid and N*-formimino- 
tetrahydrofolic acid; (6) ring closure to give ammonia and ACF; and (c) 
hydrolysis of anhydroleucovorin to give N'°-formyltetrahydrofolic acid. 

7. The significance of formamidinoglutaric acid (and histidine) as a 
1-carbon donor is discussed briefly. 
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The identification of the amino acid residues at the active site of enzyme 
surfaces is an essential step in the elucidation of enzyme action. In the 
case of enzymes which contain a prosthetic group, some progress has been 
made in identifying the amino acids which are attached to the prosthetic 
group (1), but here the amino acids are the auxiliary rather than the pri- 
mary sources of the catalytic action. In enzymes which do not contain 
prosthetic groups, the amino acids themselves must be the primary cata- 
lytic agents, and in some cases, 7.e. those which react by double displace- 
ment mechanism (2), at least one amino acid must form a covalent bond 
with part of the substrate. The identification of the particular amino 
acid forming this bond is of obvious importance in explaining the catalytic 
action of the enzyme. 

Work in two separate and at first apparently unrelated fields now indi- 
cates that serine is at the active site or is close to the active site of a number 
of enzymes. Studies on the inhibition of esterases and proteases by DFP” 
have shown! that, after treatment with this inhibitor, labeled phosphoserine 
may be isolated from hydrolysates of cholinesterase from the electric eel 
(3) and mammalian red cell (4), pseudocholinesterase (4), liver aliesterase 
(4), chymotrypsin (5), and trypsin (4). However, the isolation of phos- 
phoserine does not unequivocally prove that serine was the site of the 
primary reaction with DFP (and by inference the esteratic site); the phos- 
phoserine might have been produced by the migration of the diisopropyl- 
phosphory] group from an adjacent nitrogen atom during hydrolysis. Such 
shifts of phosphoryl! and acyl groups from nitrogen to oxygen are well 
known (6, 7). In particular, it has been suggested that the imidazole 
moiety of a histidine residue is the site of primary attachment, based on 
studies which show that (a) the pH dependence of enzyme activity indicates 


* Research was carried out at Brookhaven National Laboratory under the aus- 
pices of the United States Atomic Energy Commission. 

‘ Abbreviations used are DFP, diisopropyl fluorophosphate; Tris, tris(hydroxy- 
methyl )aminomethane; G-1,6-P., glucose 1,6-diphosphate; ATP, adenosine triphos- 
phate; TCA, trichloroacetic acid; E-P™, P®-labeled phosphoglucomutase. 
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a group With a pK in the region of imidazole (8), (b) the photo destruction 
of imidazole destroys enzyme action (9), and (c) imidazole exhibits catalytic 
action in model systems, whereas serine does not (10). However, it would 
still be necessary to assume that serine is very close to the active site in 
each of the enzymes mentioned, a fact which could not be without biological 
significance. Since in chymotrypsin and trypsin for example (4, 11, 12) 
no histidine occurs in the peptide sequence near the phosphoserine, it must 
be further assumed that the folding of the enzyme protein is such as to 
place a serine residue sufficiently close to the active imidazole to allow 
migration to take place. 

A separate line of evidence pointing to an important role of serine resi- 
dues arises from experiments in a number of laboratories (13-15) indicating 
a high rate of turnover of the phosphorus moiety of phosphoproteins in 
normal and malignant tissues. It has been suggested (14) that the ex- 
traordinarily high rate of renewal of phosphoprotein phosphorus is the 
result of enzymatic activity on the part of enzymes which function by 
cyclic phosphorylation and dephosphorylation of the serine hydroxy] group 
in phosphate transfer reactions. Jagannathan and Luck (16) and Najjar 
and Pullman (17) have shown that phosphoglucomutase is in fact phos- 
phorylated during the course of enzyme action, and more recently Jolles 
and Anderson (18) have reported that phosphoserine may be isolated from 
hydrolysates of phosphoglucomutase. A preliminary communication by 
Agren and Engstrom (19) states that phosphoserine can similarly be ob- 
tained from yeast hexokinase. In these cases, as well as in the experiments 
with DFP-treated esterases, the possibility that the phosphoserine arises 
as a secondary product resulting from N to O shift must be considered. 

To throw further light on these problems, phosphoglucomutase labeled 
with P® on the active site was studied. The fact that the labeled phos- 
phate was still on the active site could be established by demonstrating its 
enzymatic equilibration with added hexose phosphates. Thus chemical 
tests could be made on a phosphoprotein which at least at the time of ad- 
dition of reagent contained the phosphate in the catalytically active posi- 
tion. The studies to be reported in this paper support the view that the 
phosphate group on the active enzyme is bound directly to serine hydroxy]. 
It has also been found that phosphoglucomutase is inhibited by DFP, in 
striking similarity to the esterases mentioned above, offering further evi- 
dence for a similar active site in the esterases and metabolically active 
phosphoproteins. 


Materials and Methods 


Preparation of P®*-Labeled Glucose 6-phosphate—1 ml. of a suspension of 
fresh rat liver mitochondria prepared from an isotonic sucrose homogenate 
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was added to an incubation mixture containing 50 wmoles of Tris buffer at 
pH 7.4, 20 umoles of MgCl,, 25 umoles of phosphate, pH 7.4, 50 umoles of 
sodium glutamate, 5 umoles of ATP, 100 uwmoles of KF, 50 uwmoles of glu- 
cose, 1 me. of orthophosphate labeled with P®, and 5 mg. of hexokinase 
(Pabst). The mixture was shaken for 60 minutes at 37° in air, and then 
the reaction was stopped by boiling for 5 minutes. ‘The precipitate was 
removed by centrifugation and washed twice with water. The supernatant 
solution was diluted to 100 ml. with water and chromatographed on a 
column of Dowex 1 formate (4 per cent cross-linked) 10 cm. in height and 
1.5 em. in diameter. 

Preliminary separation was achieved by gradient elution with 0.01 N 
HCl in the lower mixing chamber (volume = 300 ml.) and 0.01 nN HCl 
containing 0.3 m KCl in the upper reservoir. The inorganic phosphate 
and glucose 6-phosphate appeared in the same peak. ‘This fraction was 
then chromatographed again with the same experimental procedure except 
that 0.01 n HCl containing 0.1 m KCl was used in the upper reservoir. 
There was distinct separation of the two peaks and P*-labeled glucose 
6-phosphate (determined by glucose-6-phosphate dehydrogenase assay) 
appeared in fractions containing 80 per cent of the radioactivity as ester 
phosphate. The fraction used in subsequent work contained 0.32 umole 
of glucose 6-phosphate per ml. and 9 X 10° c.p.m. per uwmoles. 

Preparation of P*-Labeled Phosphoglucomutase (£-P*®*)——Crystalline phos- 
phoglucomutase was prepared according to the method of Najjar (20) and 
dissolved in 0.15 mM acetate buffer at pH 5.1 to a concentration of 3.2 mg. 
per ml. 2 ml. of the enzyme solution were added to a solution containing 
10 mg. of bovine serum albumin, 25 umoles of MgCl., 100 uwmoles of sodium 
sulfite, 0.32 umole of G-6-P* (423,000 ¢.p.m.), and 0.01 umole of G-1,6-P» 
in a final volume of 5.0 ml. The solution was adjusted to pH 7.7 with 
potassium hydroxide and kept at 22° for 3 hours. To the incubation mix- 
ture was added 0.5 ml. of 1.0 m acetate buffer (pH 5.1), and this solution 
was then dialyzed at 5° against 100 ml. of 0.05 m acetate buffer (pH 5.1) 
with continual stirring of the dialysate. 

The dialysate was changed four times, and assays for radioactivity 
showed the following pattern: for one, two, three, and four dialysates, 
1107, 30, 11, and 3 ¢.p.m. per ml., respectively. 

The enzyme solution had 3340 c.p.m. per ml., indicating that essentially 
all the dialyzable P*? had been removed by the fourth change of external 
fluid. The theoretical amount of radioactivity for complete labeling, 
assuming 1 atom of P* per 78,000 gm. of enzyme, would be 15,400 c.p.m. 
per ml. Thus, about 22 per cent of the theoretical amount was labeled 
under these experimental conditions. A repetition of the above experiment 
1 week later gave essentially the same results. 
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Analytical M ethods—Phosphorus determinations were made by an isobu- 
tanol extraction method (21), and the method of Ernster ef al. (22) was 
used to determine P* in esterified phosphate and orthophosphate. Radio- 
active P* was counted in liquid samples (usually 1 ml.) in aluminum cups 
with an end window Geiger counter of conventional design. Occasionally 
samples were evaporated to dryness before the count, and the results were 
converted to wet counts by an empirical factor. 

Phosphoglucomutase assays were performed by a slight modification of 
the procedure of Najjar (20), and his units are used in the results reported. 


EXPERIMENTAL 


Acid Stability of Phosphoglucomutase—Jagannathan and Luck (16) re- 
ported that 98 per cent of the phosphate of phosphoglucomutase was 
liberated as orthophosphate upon treatment of the enzyme with trichloro- 
acetic acid. If this were the case, it would strongly suggest that the phos- 
phate is bound to the enzyme by N—P or other acid-labile linkages rather 
than directly to serine. The behavior of P*-labeled phosphoglucomutase 
towards trichloroacetic acid was accordingly reinvestigated. 

1 ml. of 5 per cent trichloroacetic acid was added to 1 ml. of a solution 
containing E-P*® (1400 ¢.p.m.) and 5 mg. of erystalline ovalbumin. After 
the precipitate was centrifuged, the supernatant fluid contained 140 ¢.p.m. 
or only 10 per cent of the total. Furthermore, the radioactivity in the 
supernatant solution was present almost entirely as esterified P rather than 
orthophosphate. The experiment was repeated with 3340 ¢.p.m. of E-P®, 
and 9.7 per cent was found in the supernatant solution. A similar experi- 
ment with a second preparation of E-P*® showed a value of 8 per cent of 
the total radioactivity in the acid-soluble fraction. 

The trichloroacetic acid precipitate obtained in the first experiment 
described above (containing 1260 ¢.p.m.) was stirred thoroughly with 1 
umole of G-1,6-P. and again centrifuged. The supernatant solution con- 
tained 65 ¢.p.m. The precipitate from this second centrifugation was 
then boiled for 5 minutes in 1 N HCl. After centrifugation, the super- 
natant solution contained 90 ¢.p.m. 

These experiments lead to the conclusion that the P® of labeled phos- 
phoglucomutase is firmly bound to the protein by acid-stable linkages, in 
contrast to the earlier experiments of Jagannathan and Luck (16) but 
consistent with the work of Jolles and Anderson (18), who isolated phos- 
phoserine from acid hydrolysates of phosphoglucomutase. 

Treatment with Molybdate-H.»SO,—To test more stringently the possi- 
bility that the phosphate bound to the active site of phosphoglucomutase 
is present initially as an N—P bond, conditions were sought which would 
favor hydrolysis rather than the hypothetical shift to the hydroxyl group 
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of serine. It is known that N—P bonds are extremely labile to treatment 
with molybdic-sulfuric acid (23). Accordingly, it seemed possible that, if 
the phosphorylated enzyme were treated with molybdic-sulfurie acid, con- 
siderable hydrolysis would take place as well as the postulated migration 
from N to O. 

To a solution containing 0.6 ml. of H,O, 0.15 ml. of 10 N H2SOu,, 0.15 
ml. of 10 per cent ammonium molybdate, and 0.5 m of carrier orthophos- 
phate, 0.4 ml. of E-P®? was added (1340 ¢.p.m.). After 30 minutes at 
room temperature, all of the radioactivity present as orthophosphate was 
extracted by equilibration with 1.7 ml. of isobutanol-benzene (22). No 
significant radioactivity was found in the organic (orthophosphate) phase. 
A repetition of the experiment in which the second preparation of E-P® 
was used showed only 0.7 per cent of the activity released as orthophos- 
phate. 

Treatment with Urea and Formamide—It has been mentioned that there 
is no histidine near phosphoserine in the peptides obtained after treatment 
of chymotrypsin or trypsin with DFP. Therefore, if migration of the 
diisopropylphosphory]! group from imidazole to serine does occur, the serine 
must be held in an adjacent peptide chain, very close to the histidine in 
the folded protein. Presumably, unfolding the protein at neutral pH 
would prevent migration. Upon the assumption that a similar situation 
might exist in phosphoglucomutase, the effect of prior denaturation with 
urea and formamide on the acid lability of E-P*® was investigated. 

0.2 ml. of E-P® was added to 0.8 ml. of H.O containing 360 mg. of urea. 
The tube was heated at 50° for 1 hour and then added to a test tube con- 
taining 0.15 ml. of 10 N H.SO,, 0.15 ml. of 10 per cent ammonium molyb- 
date, and 0.5 m of carrier orthophosphate. After 30 minutes at room 
temperature, the orthophosphate was extracted with 1.7 ml. of isobuta- 
nol-benzene and found to contain only 0.7 per cent of the total radio- 
activity. 

In a subsequent experiment, it was shown that urea does in fact reversi- 
bly disorient the enzyme. 0.4 ml. of a solution of unlabeled phospho- 
glucomutase was added to 0.1 ml. of 5 per cent ovalbumin, 0.05 ml. of 0.1 
M phosphate buffer, and 200 mg. of urea. After standing for 15 minutes 
at room temperature, it was assayed for enzyme activity. The enzyme 
originally contained a total of 22 units as defined by the assay of Najjar 
(20). In the urea solution it gave less than 0.4 unit. The solution was 
diluted 100-fold and assayed again. The full activity was restored. Re- 
peated trials always gave the same results, negligible or undetectable ac- 
tivity in concentrated urea solution and full activity upon dilution. Simi- 
lar reversible inactivations by urea have been observed for trypsin and 
chymotrypsin (24, 25). 
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In a similar experiment with formamide, E-P*®? was heated for 2 hours | 
at 50° in 80 per cent formamide. After treatment with acid molybdate | 
and extraction with isobutanol-benzene, only 1.5 per cent of the total P® | 
was recovered as orthophosphate. 

Degradation of E-P®? with Proteolytic Enzymes—In an effort to hydrolyze 
the enzyme under conditions in which migration of the phosphate from 
N to O would not take place, the P*-labeled enzyme was treated with 
proteolytic enzymes at neutral pH. 0.3 ml. of E-P® was added to a 
solution containing 1 ml. of 0.5 m Tris buffer (pH 7.4), 0.1 ml. of crystalline 
trypsin (0.3 mg. per ml.), 0.2 ml. of crystalline chymotrypsin (0.38 mg. 
per ml.), and 0.05 ml. of carboxypeptidase (1 mg. per ml.). After 1.5 
hours at 37°, the solution was divided into two parts. One portion was 
treated with 5 per cent TCA to determine the TCA-soluble radioactivity; 
the second was added directly to a molybdate-sulfuric acid solution and, 
after 0.5 hour standing, extracted with isobutanol-benzene to determine 
the inorganic phosphate. The amount of radioactivity which was TCA- 
soluble was 43 per cent of the total and the amount extracted into the 
organic phase was 3.3 per cent of the total. Thus, of the degraded protein, 
only 7.8 per cent was present as inorganic phosphate. 

A similar experiment in which the proteolytic enzymes were allowed to 
act for 4.5 hours instead of 1.5 hours, and in which the acid molybdate- 
protein solution was allowed to stand for 1.5 hours instead of 0.5 hour, 
showed 90 per cent of the radioactivity in the TCA-soluble form and 5.9 
per cent of the total in the organic layer after molybdate treatment. The 
per cent of the degraded activity present as inorganic phosphate (6.5 per 
cent) was, therefore, essentially the same as in the previous shorter incuba- 
tion. 

Treatment with Hydroxylamine—Among the possible linkages through 
which the phosphate might be bound to phosphoglucomutase, an acyl 
phosphate bond must also be considered. Since acyl phosphates react 
with hydroxylamine to form hydroxamic acids with the release of ortho- 
phosphate, this possibility could be tested by measuring the release of 
phosphate from the enzyme upon treatment with hydroxylamine. 

0.2 ml. of E-P® was added to 2 ml. of 2 m hydroxylamine, prepared by 
neutralizing hydroxylamine hydrochloride to pH 5 with NaOH, and the 
mixture was allowed to stand for 15 minutes at room temperature. The 
solution was adjusted to pH 2 with HCl, and 8 mg. of bovine serum albu- 
min were added as carrier. The protein was then precipitated with tri- 
chloroacetic acid, centrifuged, and washed, and both precipitate and super- 
natant solution were tested for radioactivity. The supernatant solution 
was found to contain 15 per cent of the total radioactivity. 

Alkali Lability of E-P®—Phosphoproteins such as casein and the phos- 
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phoproteins of tissue are markedly stable to acid, as is the phosphate bound 
to phosphoglucomutase, but labile to alkali. To test the stability of E-P® 
to alkali, the labeled enzyme was incubated at 37° with an equal volume 
of 0.6 N KOH. At various intervals, aliquots were moved and assayed 
by the method of Ernster et al. (22) to determine the amount of radioac- 
tivity released as inorganic phosphate. The results are shown in Fig. 1. 
The release of P® follows the kinetics to be expected of a first order reac- 
tion, with a half life of about 1.5 hours. <A similar experiment with un- 
fractionated casein gave a half life of about 6 hours. 
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Fic. 1. Alkali lability of phosphoglucomutase; P*-labeled enzyme incubated at 
37° with 0.56 n KOH. 


Inhibition by Diisopropyl Fluorophosphate—If the DFP-inhibited ester- 
ases have a serine-containing active site with properties similar to the active 
site of phosphoglucomutase, then it might be expected that phosphoglu- 
comutase would also be inhibited by DFP. However, the phosphorylated 
form of phosphoglucomutase would be protected against the action of DFP, 
and it was therefore decided to test the effect of DFP under conditions in 
which the enzyme was actually functioning and thus going through a cycle 
of phosphorylation and dephosphorylation (17). 

To 1.0 ml. of a solution containing 2 umoles of MgSO,, 6 umoles of glu- 
cose 1-phosphate, 0.003 umole of glucose 1 ,6-diphosphate, and 33 umoles 
of cysteine (pH 8.3) were added 0.05 ml. of phosphoglucomutase and 0.2 
ml. of DFP solution. After the stated intervals at 30°, 0.5 ml. aliquots 
were removed and added to an equal volume of 2 N H.SO, to stop the 
reaction. The solution was then heated to 100° for 10 minutes to hydrolyze 


| 
urs | 
late 
p2 
yze 
om 
‘ith 
da 
ine | 
ng. | 
15 | 
vas 
ly; 
id, 
ine 
he 
in, 
to | 
e- | 
r, 
9 
he 
er 
rh 
yl 
ct 
O- 
of 
1€ 
1e 
l- 
n 


426 ACTIVE SITE OF PHOSPHOGLUCOMUTASE 


acid-labile phosphate. The amount of glucose 6-phosphate formed was 
determined by difference from a control in which no enzyme was added. 
The results are shown in Table I. 

Enzymatic Activity of P® in EL-P®*—It was necessary to show that the 
radioactive phosphate in the labeled phosphoglucomutase was still attached 
to the active site and had not undergone migration to another, more stable 
position. This was done by demonstrating that the P® was in isotopic 
equilibrium with added glucose 1-phosphate under conditions favorable 
for enzyme action. The equilibration could be followed easily by measure- 
ment of the conversion of P® from enzyme-bound form, insoluble in tri- 
chloroacetic acid, to acid-soluble (hexose phosphate) form. 


TABLE I 
DFP Inhibition of Phosphoglucomutase 


The conditions were 4.8 X 10~-* m glucose 1-phosphate, 0.027 m cysteine, 1.6 K 10-4 
M MgSO,, 2.7 X 10°° m G-1,6-P2, pH 8.3, 30°. 


Glucose 6-phosphate formed 
DFP concentration 
15 min. 90 min. 
mole per l. pmoles per ml. pmoles per ml. 
None 1.1 3.6 
0.8 107° 1.1 3.9 
0.8 X 10~4 0.5 1.9 
0.8 X 107% 0.2 0.2 


0.2 ml. of E-P*® (3 mg. of protein) was added to a solution containing 
1.2 wmoles of MgSO,, 4 uwmoles of glucose 1-phosphate, 0.002 umole of 
glucose 1 ,6-diphosphate, and 20 uwmoles of cysteine of pH 8.1, in a final 
volume of 0.8 ml. After 3.5 hours at 37°, 8 mg. of bovine albumin were 
added, followed by 1 ml. of 5 per cent trichloroacetic acid. After centrifu- 
gation, both precipitate and supernatant solution were counted. The 
precipitate contained only 1.4 per cent of the radioactivity, indicating that 
the E-P® was almost quantitatively equilibrated with hexose phosphate. 


DISCUSSION 


The general properties of the phosphorylated active site of P*-labeled 
phosphoglucomutase established by these experiments were as follows: (a) 
all of the radioactivity present was enzymatically reactive; (b) the P® was 
not released as inorganic phosphate under harsh acid conditions, such as 
treatment with trichloroacetic acid, boiling HCl, or acid molybdate; (c) 
prior disaggregation of the enzyme by treatment with urea, formamide, 


| 


E. P. KENNEDY AND D. E. KOSHLAND, JR. 427 


or proteolytic enzymes did not result in a significant increase in acid labil- 
ity; (d) the P® activity was not released by treatment with hydroxylamine; 
(e) the P® activity was released by treatment with alkali at a rate com- 
parable to the hydrolysis of phosphoproteins such as casein; (f) the enzyme 
was reversibly denatured by urea; (g) the enzyme was inactivated by DFP. 

These results confirm the conclusion of earlier workers (16, 17) that the 
phosphate group is covalently bonded to the enzyme and not to a coenzyme. 
The fact that the radioactivity is not released by boiling HCI after washing 
with carrier glucose 1 ,6-diphosphate makes it highly improbable that the 
activity is present as hexose phosphate in a substrate-enzyme complex. 
Experimentally, this clears up one important discrepancy in the literature, 
since Jagannathan and Luck (16) reported that the enzyme phosphate is 
almost quantitatively cleaved to orthophosphate on treatment with acid, 
whereas Jolles and Anderson (18) isolated appreciable amounts of phos- 
phoserine from acid hydrolysates of the enzyme. 

The second conclusion is that the phospho enzyme does not contain the 
active phosphate as a simple carboxy! phosphate, amidophosphate, imidaz- 
ole phosphate, or thiophosphate. Carboxyl phosphate, amidophosphate, 
and imidazolephosphate have all been shown to be completely hydrolyzed 
with the acid or acid plus molybdate treatments described above. A pure 
sample of butyl thiophosphate was studied under similar conditions and 
showed complete hydrolysis with boiling HC] and over 50 per cent hydroly- 
sis in 67 minutes at 37° with the acid-molybdate reagent (26). The non- 
appearance of inorganic phosphate under these conditions must, therefore, 
mean either that the covalently bound phosphate is not attached by one 
of these groups or that the groups are so modified by neighboring groups 
that their reactivity is quite different from the simpler low molecular weight 
analogues. 

The foregoing exclusion of carboxyl-, amido-, or thiophosphate properties 
for the enzyme does not lead unequivocally to the deduction that serine 
is the phosphorylated site, because the acid conditions under which the 
enzyme was tested are precisely those that lead to acyl and phosphoryl 
shifts. Thus, it could be said that the active enzyme is indeed an N—P 
compound, but, under the influence of acid, there is an immediate and 
rapid migration to serine followed by the denaturation of the protein. 
Moreover, the quantitative retention of radioactivity in the protein moiety 
cannot be adduced as evidence against a shift since chemical migrations, 
such as the acyl shift in cyclohexanolamines, occur with the same degree 
of completeness (27). The completeness of these migrations, however, 
does depend upon the geometry of the migrating and accepting groups, 
being low or non-existent when the orientation is unfavorable (28). Ac- 
cordingly, the next experiments were designed to change the geometry of 
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the protein under non-acid conditions before treatment with acid. If the 
serine group is on an adjacent chain, its proximity to the active site should 
be changed, and the exposed active phosphate would be able only to release 
phosphate into the solution on acid treatment. Whether the protein was 
first degraded by urea plus heat, formamide plus heat, or by proteolytic 
enzymes, the results were the same, minor or no acid lability. 

The experiments with urea and proteolytic enzymes are particularly 
striking in this regard. Urea is known to cause swelling and unfolding of 
proteins, usually accompanied by denaturation. Phosphoglucomutase is 
inactive in concentrated urea but regains all of its activity upon dilution to 
low urea concentration. The simplest explanation is that the protein 
unfolds or swells in the concentrated urea, destroying the delicate geometry 
responsible for its catalytic powers. That the only change is in the geom- 
etry of the protein, and not a phosphoryl! migration, is strongly suggested 
by the reactivation upon lowering the urea concentration. Nevertheless, 
the urea-treated protein shows no increased appearance of inorganic phos- 
phate upon treatment with acid. It should be emphasized, however, that 
these results are suggestive rather than conclusive, since the exact nature of 
the changes upon treatment with urea are, as yet, unknown. 

The experiment with proteolytic enzyme is even less equivocal. The 
amount of enzyme degradation was measured by TCA precipitation to 
establish that the protein had indeed been reduced to peptides of low molec- 
ular weight. In one case 40 per cent and in the second case 90 per cent of 
the protein had been hydrolyzed to small peptides and yet only 3.3 and 
5.9 per cent, respectively, of the phosphate was acid-labile. Certainly, 
the tertiary structure of the protein was destroyed in these cases; however, 
no striking acid lability appeared. 

To retain an argument for carboxyl, amido, or thiophosphate would in 
this case require the further assumption either that urea, formamide, and 
proteolytic enzymes catalyze the same type of phosphoryl migration that 
occurs In acid or that the degraded protein or peptide fragment still retains 
the serine to active phosphate orientation of the enzyme. The former 
assumption can apparently be excluded on chemical grounds, since none 
of these reagents are known to catalyze this type of migration. The latter 
cannot be excluded so unequivocally, since the actual sequence of amino 
acids adjacent to phosphoserine in the peptide obtained on acid hydrolysis 
is not yet known. 

These results made it seem probable that serine is part of the active site 
in phosphoglucomutase and suggested a close relationship between the 
function of this enzyme and DFP-inhibited esterases. On the theory that 
the same kind of reactive serine group is present in both cases, the effect 
of DFP on phosphoglucomutase was tested, and it was found that this 
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enzyme also is inhibited by DFP. It should be noted, however, that 
relatively high concentrations of DFP are needed. Moreover, other ex- 
periments showed that the conditions described here were very critical for 
a positive result, e.g. changes in pH of 0.5 unit resulted in no detectable 
inhibition. While a similarity to the esterases is indicated, it will remain 
for further work to establish the exact nature of the inhibition and the ex- 
tent of the similarity. 

The recent work of Neurath and his collaborators regarding imidazole 
in the reaction between chymotrypsin and p-nitrophenyl] acetate (29) and 
between trypsin and DFP (30) is entirely consistent with the results de- 
scribed here for phosphoglucomutase. 

The finding that P*-labeled phosphoglucomutase properties of acid 
stability and alkali lability are similar to the metabolically active phospho- 
proteins of tissue lends further support to the suggestion (14) that the high 
rate of turnover of tissue phosphoproteins is a reflection of the activity of 
phosphotransferases. Krebs and Fischer (31) have studied the conversion 
of phosphorylase b from rabbit skeletal muscle to phosphorylase a in the 
presence of ATP*, and find that the process involves phosphorylation of 
the enzyme protein in linkage stable to treatment with trichloroacetic acid. 
Sutherland and Wosilait (32) had previously presented evidence for the 
phosphorylation of the inactive form of liver phosphorylase during its con- 
version to active form. Such reactions may also contribute to the rapid 
turnover of the phosphoprotein fraction of tissues. 

This similarity in grouping should not be taken to indicate that all ester- 
ases and transferases use a serine center. Rather, it would seem to em- 
phasize the over-all similarity of transfer reactions and the conclusion that 
specificity pattern is a secondary characteristic superimposed on the bond- 
breaking properties (33). For example, retention of the configuration was 
found to be a general phenomenon observable in a number of specificity 
types, ¢.g. phosphorylases and amylases, but not necessarily characteristic 
of all examples of one specificity type, e.g. phosphorylases. Similarly, 
serine as an active center may appear in a number of transfer types but 
not be universal within a single category. Thus, it is already known that 
a number of esterases are not inhibited by DFP (4, 34) and, hence, may 
well have a different amino acid as the nucleophilic group in the esteratic 
action. 


SUMMARY 


1. Crystalline phosphoglucomutase was labeled with P® and the proper- 
ties of the phosphorylated radioactive enzyme studied. It was shown that 
the P® was bound firmly to protein but was still enzymatically active. 
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2. P® is not released from labeled phosphoglucomutase by direct treat- 
ment with acid under a variety of conditions. Prior disaggregation of the — 
enzyme by treatment with urea, formamide, or proteolytic enzymes does 
not significantly increase the lability to acid. 

3. The P*® is released from the enzyme by relatively mild treatment with 
alkali under conditions similar to those in which phosphate is cleaved from 
phosphoproteins. 

4. The P® is not released by treatment with hydroxylamine. 

5. Phosphoglucomutase is reversibly inactivated by urea. 

6. The enzyme is inhibited by diisopropyl fluorophosphate. 

7. The results add support to the assumption that the phosphate in the 
active protein is attached to a serine residue. 


The authors wish to acknowledge the able assistance of Miss Eileen 
Clahane during a part of this work. 
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A TEST FOR THE DETERMINATION OF TAURINE IN URINE 
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(From the Argonne Cancer Research Hospital and the Department of Biochemistry, 
University of Chicago, Chicago, Illinois) 
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No rapid, simple, chemically specific test for the quantitative determina- 
tion of taurine in biological fluids has been available. Previously, the pres- 
ence of taurine in urine was determined either by column chromatography 
(1) or by paper chromatography (2-5). While these methods are quanti- 
tatively satisfactory, they are inadequate for rapid routine examination of 
the large numbers of samples that are required in metabolic or clinical 
studies. 

A description of a simple method for the determination of taurine in 
urine, which readily allows multiple analysis in a comparatively short 
period of time, is the subject of this paper. Crokaert et al. (6) made the 
observation that taurine does not adhere to the acid form of Dowex 50. 
The use of this property combined with Sanger’s reagent (7), which readily 
forms the colored dinitrophenol derivative of taurine, has made the test 
possible. It is reasonably specific and has the advantage that ammonia 
and the other nitrogenous constituents of urine do not interfere in the de- 
termination. 

The method provides the opportunity for extension of the recent obser- 
vation that the excretion of taurine is increased in both the human (4) and 
the rat (8) following irradiation. 


Methods and Materials 


The sodium salt of dinitrophenol taurine (DNP-taurine) was synthesized 
and purified in the following manner: 0.5 gm. of taurine, 0.8 gm. of sodium 
bicarbonate in 10 ml. of water, 0.56 ml. of dinitrofluorobenzene,' and 20 
ml. of absolute ethyl] alcohol were shaken together in the dark for 16 hours 
at 160 oscillations per minute. The contents of the flask were then filtered 
through a Biichner filter and the filtrate was discarded. The solid material 
remaining on the filter paper was dissolved in approximately 40 ml. of 
warm 0.1 N HCl. This solution was extracted twice with 25 to 40 ml. of 
chloroform and then concentrated in a steam bath at reduced pressure to 


! Dinitrofluorobenzene (DNFB) from Eastman Organic Chemicals or Eastern 
Chemical Corporation has been found to yield uniform results. The products of 
some other manufacturers have not been equally consistent. 
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about 10 ml. It was then transferred to a beaker and allowed to stand in 
the cold overnight. The crystals that formed were separated by filtration 
and redissolved in approximately 17 ml. of 50 per cent ethyl alcohol. The 
crystals that formed subsequently were recrystallized from 50 per cent ethy] 
alcohol and then filtered from the mother liquor and dried in a desiccator; 
yield, 314 mg.; m.p., 230°. 


Calculated. C 30.67, H 2.57, N 13.41, S 10.23, Na 7.34 
Found. ** 30.75, 2.57, 13.05, “10.07, 7.22 


This material was dissolved in 0.4 mM HCI-KC! buffer, pH 1.25, and the 
absorption spectrum was determined (Tig. 1). 


—c— Na DNP TAURINE IN KCL-HCL 

BUFFER, 0.4 M, pH 1.20 

10.0} 

—— DNP TAURINE IN KCL-HCL BUFFER, 
0.4 M, pH 1.25, FROM STANDARD CURVE 
DETERMINATION EQUIVALENT TO 

8y TAURINE 


fo) 


fe) 


> 
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WAVELENGTH (my) 


Fic. 1. The absorption spectrum of sodium dinitrophenol taurine in KCI-HCl 
buffer, 0.4 M, pH 1.20 (light line) and of the solution obtained on analysis of an 8 
taurine standard (heavy line). 
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SPECIFIC EXTINCTION COEFFICIENT x 10% 


Appropriate dilutions of the above solution were made with HCI-KCl 
buffer and read in the Beckman spectrophotometer, model B, at 355 my 
to establish the validity of the standard curve that was obtained by using 
the method outlined below. 

Reagents for Taurine Determination— 

Dowex 50. . 200 to 400 mesh, 8 per cent cross-linked. (Nalcite HCR-8, 
H+ form) ;? used without further treatment. 


2 Two different lots of Nalcite HCR-8, 200 to 400 mesh, H* form, were used to carry 
out this work. Subsequently, small differences have been found among various lots 
of the product. These chiefly affect the optical density readings of the blanks, some 
lots yielding much lower blank readings than others. It is suggested that, on ob- 
taining a lot that yields a low blank, sufficient amounts of this material should be pro- 
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in Potassium acid phthalate-sodium hydroxide buffer, pH 4.5. 50 ml. of 
on 0.2 M potassium acid phthalate, 10 ml. of 0.2 m NaOH, 0.40 gm. of sodium 
he benzoate; make to 200 ml. with water. 

yl Sodium bicarbonate, 8 per cent. 

or; Dinitrofluorobenzene.! 

Hydrochloric acid, 6 N. 

Potassium chloride-hydrochlorie acid buffer, pH 1.25. 50 ml. of 0.4 m 
potassium chloride, 41.5 ml. of 0.4 mM hydrochloric acid; make to 200 ml. 
with water. 
he Chloroform, reagent grade. 

Taurine standard, 120.0 mg. of taurine in 100 ml. of phthalate buffer. 
Dilute 1:100 ml. with buffer. Use 10 ml. in Step 2 (see below). 1, 2, and 
3 ml. aliquots of filtrate (see Step 5) provide final taurine values of 3.2, 6.4, 
and 9.6 y per 4 ml., respectively. 

Specimens for analyses are as follows: (a) Human urine was usually di- 
luted 2:10 ml. with phthalate buffer before treatment with Dowex and 1 
ml. of filtrate from Step 4 used in Step 5. (b) Rat urine was diluted 1:20 
with phthalate buffer and 10 ml. were treated with Dowex. 1 ml. of fil- 
trate was used for analysis in Step 5. 


Procedure 


1. Introduce 5.0 gm. of Dowex 50 into a 50 ml. Erlenmeyer flask. 

2. Add 10.0 ml. of the sample or the standard solution that is to be 
analyzed. 

3. Mix and let stand at room temperature for 5 minutes with occasional 
agitation. 
: 4. Filter through Whatman No. 40 filter paper. 
5. Introduce 1.0 to 3.0 ml. of filtrate into a 25 ml. volumetric flask. 
6. Add 5 ml. of 8 per cent sodium bicarbonate. 
! 7. Add 0.28 ml. of DNFB. 

8. Shake overnight (16 hours) at 160 oscillations per minute on a machine 

y that is protected from light. 

9. Remove from shaking machine and add 1.0 ml. of 6 N HCl. 

10. Add 2.0 ml. of KCI-HCI buffer, pH 1.25. 

11. Add 10 ml. of chloroform. Stopper and extract by shaking vigor- 
ously for 1 minute. 

12. Add water to 25 ml. 

13. Mix and transfer to a straight sided 25 ml. graduate. 


, cured to last for a considerable number of analyses. It has been observed, also, that 
the 12 per cent cross-linked material is equally satisfactory for the performance of 
this test. 
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14. Transfer 10.0 ml. of the top layer to a 50 ml. straight sided, stop. 


pered graduate. 

15. Add 15 ml. of chloroform. Extract by shaking for 1 minute. 

16. Transfer 4.0 ml. of the top layer to matched colorimeter tubes and 
read at 355 mu. 


Standard Curve—The line of regression obtained from 50 analyses "7 


standard solutions is expressed by the equation 


Y = 0.0073 + 0.0883X 


where Y = optical density and X = micrograms of taurine per 4 mi. 
(Fig. 2). The calculated standard error was +0.5 per cent. The calcu- 


lation is as follows: 


y per 4 ml. found X 3.75 X original dilution® 0.903 total urine volume 
1000 


= mg. per 24 hrs. 


Blanks—A small amount of material that absorbs at 355 my is introduced 
into the filtrate at Step 4 because of the use of unwashed Dowex. For 
this reason, it is necessary to prepare blanks from a filtrate of phthalate 


buffer and Dowex for each different volume of filtrate used in Step 5. The — 


day to day reading of these blanks against water has been extremely con- 
sistent and thus this practice has introduced no error into the method. It 
was found quite possible to wash the Dowex free of this colored material, 
but the difficulty of subsequently drying the Dowex to constant water 
content introduced more errors than did the use of Dowex without pre- 
treatment. 

Hydrolysis—Specimens of urine were hydrolyzed by adding an equal 
volume of HCl (concentrated) and autoclaving for 5 hours at 15 pounds 
pressure and 250°. This is conveniently carried out in 25 X 200 mm. 
tubes that have a screw cap with a Vinylite liner in the cap. Total volume 
before autoclaving never exceeded 10 ml. After autoclaving, the inside 
of the cap was washed with a small amount of water and the contents of 


3A correction for dilution caused by the water content of the Dowex 50 must be | 


applied. It is necessary to determine the value of this factor for each lot of Dowex 
used. This is done by developing a standard curve without using the resin, that is, 
by starting at Step 5 of the procedure and using appropriate dilutions of the stand- 
ard solution directly. The difference between the slope of this curve and that of the 
standard curve obtained by using Dowex is the correction factor. It may either be 
applied directly in the equation, or, as has been done here, as a percentage of the 
final figure. Inspection of Fig. 2 shows that the standard curve obtained with Dowex 
cuts the origin and there is, therefore, no question of taurine loss by virtue of its 
adherence to the resin. For the determinations reported here this correction factor 
has been found to be 0.90. 
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the tubes were taken to dryness by placing them in a water bath at 95° 
and passing a continuous stream of air over the surface. Water, to the 
amount of the original volume of specimen, was added again to the tube. A 
volume of phthalate buffer, such that the appropriate dilution was achieved, 
was then added directly to the tubes. The residue on the sides and bottom 
of the tubes was stirred into solution and, after mixing, the total volume 
was filtered. 10 ml. of this filtrate were then used in Step 2 of the pro- 
cedure. 

Recovery Experiments—Solutions of taurine were added quantitatively 
to urine that had been analyzed previously for its taurine content and 


0.45 


OPTICAL DENSITY 


7 TAURINE /4 mi. 


Fic. 2. The relationship of optical density of the dinitrophenol derivative to the 
concentration of taurine as determined by the steps outlined under ‘‘Procedure.”’ 


analyses were made for recovery of the added taurine. The results ob- 
tained are shown in Table I. 

Specificity—Substances normally present in urine or that might be pres- 
ent in the urine from diseased subjects or those undergoing therapy were 
tested to rule out the possibility of their interference in the test. The sub- 
stances tested and the results obtained are shown in Table II. Also in- 
cluded at the bottom of Table II are some analyses on hydrolyzed samples 
of sodium taurocholate, pantoyltaurine, and ox bile. 

Influence of Hydrogen Ion and Salt Concentrations on Adsorption by 
Dowex 50—An amino acid mixture having the following composition per 
1500 ml. was made: aspartic acid 246 mg., threonine 96 mg., serine 150 
mg., glutamic acid 600 mg., proline 93 mg., glycine 999 mg., alanine 84 mg., 
cystine 60 mg., valine 36 mg., isoleucine 24 mg., leucine 30 mg., tyrosine 
195 mg., phenylalanine 48 mg., histidine 450 mg., methylhistidine 138 mg., 
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lysine 75 mg., arginine 12 mg. The above mixture was divided into three 
parts and taurine was added to two of them at levels of 30 mg. per 200 ml, | 
and 60 mg. per 200 ml. These three solutions were each diluted 1:5 with - 
the following buffer solutions: potassium phthalate buffer, 0.2 mM, pH 27 
and 4.5; potassium-acid phosphate buffer, 0.2 mM, pH 7.0; boric acid-KC). 
NaOH buffer, 0.2 mM, pH 10.0; and water. Analyses were then made for 
recovery of taurine. The results are shown in Table III. In addition, 
triplicate analyses were made on an amino acid solution containing no tau- 
rine but higher total concentrations of amino acids. These were diluted 
with 0.2 M potassium phthalate buffer, pH 4.5, and with water to deter. 


TABLE I 


Recovery of Added Taurine from Urine That Had Been Previously 
Analyzed for Taurine Content 


Taurine content of urine | Taurine added Recovery 


per 4 mil. y per 4mil. per cent 


OO 

OK 
2 


— 
Oooo 


mine the efficiency of the conditions of the test for removal of amino acids 
other than taurine. These results are also included in Table IIT. 

Inspection of Table III reveals the importance of both the ionic strength 
and the pH of the diluent buffer solution for both the completeness of re- 
covery of taurine and the exclusion of other amino acids. Two of the 
amino acid concentrations tested, 251 y per 4 ml. and 313 y per 4 ml., 
represent, respectively, about 1.0 gm. and 1.3 gm. of free amino nitrogen 
(calculated on total urine volume of 1500 ml.). Therefore, in urine having 
very high amino nitrogen values, a small increase in the apparent taurine 
values might be expected. However, the margin of safety appears to be 
reasonably wide. 

It was originally believed that water as a diluent followed by a pH ad- 
justment might prove satisfactory in the method, but subsequent irregu- 
larities in standard curve determinations proved this to be in error. 

Influence of Length of Shaking Time—Two standard solutions containing, 
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TAaBLe II 


Color Production by Substances Other Than Taurine As Well As Taurine 
Content of Some Conjugates of Taurine before and after Hydrolyses 
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Equivalent 
Final concen- | concentration Optical 
Compound tration tested | in urine, mg. density at 
per 4 ml. per 24 hrs. 355 mp 
(1500 ml.) 

mg. gm. 

25 0.7 0.0022 
26 .6 0.75 0.0000 
p-Aminobenszoic acid....................... 5.3 0.15 0.0177 
Thiamine 5.3 0.15 0.0000 
5.3 0.15 0.0223 
2,4-Dimethylbutyric acid................... 5.3 0.15 0.0223 
5.3 0.15 0.0223 
5.3 0.15 0.0088 
1,7-Dimethylxanthine...................... 26 .6 0.75 0.0044 
26.6 0.75 0.0110 
26 .6 0.75 0.0000 
26 .6 0.75 0.0000 
10.7 0.30 0.0223 
26 .6 0.75 0.0066 
Tyramine hydrochloride.................... 26 .6 0.75 0.0066 
26 .6 0.75 0.0066 
3-Indoleacetic acid......................... 26.6 0.75 0.0088 
26 .6 0.75 0.0339 
U.S. P. uniils 
Vitamin A palmitate.................... ..| 400 0.0022 
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TaBLeE II—Concluded 


Equivalent 

Final concen- | concentration Optical 
Compound tration tested | in urine, mg. density at 

per 4 ml. per 24 hrs. 355 my 

(1500 ml.) 
gm. 

Sodium taurocholate (Pfanstiehl)........... 34.4 0.98 0.0022 
17.8 0.50 0.0482 

Sodium taurocholate (Sample 1, hydrolyzed). 34.4 0.1643 

Pantoyltaurine (hydrolyzed). .............. 17.85 0.305 

Sodium taurocholate (Sample 1, hydrolyzed 

Sodium taurocholate (Sample 2, hydrolyzed). 34.4 0.2716 
Ox bile extractt (Sample A, hydrolyzed) .. . 25.6 0.1107 


* Kindly supplied by Dr. Harris T. Tallan of The Rockefeller Institute for Medi- 
cal Research. 
t Donated by Dr. Claire E. Graham of the Wilson Laboratories, Chicago. 


respectively, 15.3 and 9.7 y per 4 ml. of taurine and an unhydrolyzed urine 
containing 7.6 y per 4 ml. of taurine were analyzed for their taurine content 
after shaking for 3, 4, or 5 hours, respectively, with DNF B at Step 8 of the 
procedure. The per cent recovery in each case is shown in Fig. 3. 

Other points in the procedure are not critical. Amounts larger than 
3 ml. aliquots of the solutions to be analyzed have not been tried, but there 
is no apparent reason why they should not be satisfactory. The only ex- 
ception to this is in the case of very concentrated urine having a high salt 
content. Occasionally, the aqueous phase of such fluids is cloudy at Step 
11 of the procedure. This clears on the addition of the water at Step 12 
and therefore previous allowance for dilution at this step is expeditious. 
The amount, 0.28 ml., of DNIFB was chosen because it had been used suc- 
cessfully by Sanger (9) in preparing amino acid derivatives under similar 
conditions. In this procedure 0.3 ml. has also been used with satisfactory 
results. Equivalent values are obtained as long as there isan excess present 
and two chloroform extractions are used subsequently. The pH at Step 
10 may vary from 0.91 to 1.49 without altering the optical density values 
obtained. The color obtained is permanent, at least over a 3 day period, 
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and the individual tubes may therefore be read when it is convenient to 


do so. 


Taurine Values Found in Normal Male Urine—24 hour urine specimens 


III 


were collected (under toluene) from nineteen normal healthy males be- 


Recovery of Taurine from Amino Acid Miztures of Various Hydrogen Ion 
Concentration with and without Added Buffer Solutions 


Taurine 
Test solution Diluent pH 
(found) 
per cent 
Amino acids, 125 y per 4 ml. 0.2 M potassium phthal- | 2.6} 0.93 
+ 8 taurine ate-HCl buffer 2.6 | 8.62) 96.2 
Amino acids, 125 y per 4 ml. 0.2 mM potassium-acid 6.9 |) 0.38 
+ 8 y taurine phosphate buffer 6.9 | 7.62) 95.2 
6.9 | 15.56 95.9 
Amino acids, 125 y per 4 ml. 0.2 boric acid-potassium | 10.0 | 1.22 
+ 8 y taurine chloride-sodium hy- 10.0 | 9.27100.5 
+16" droxide buffer 10.0 | 16.84) 97.6 
Amino acids, 125 y per 4 ml. 0.2 M potassium phthal-| 4.5) 0.0 
+ y taurine ate-HCl buffer 4.5 8.06100.75 
4.5 15.86 99 .0 
Amino acids, 125 y per 4 ml. Water 2.05 0.0 
+ 8 y taurine 2.05; 8.12:101.4 
2.05 16.39 101.8 
Amino acids 0.2 M potassium phthal- | 4.5 1.84 
Total content, 251 y per 4 ml. ate-HCl buffer 
Amino acids Water 4.5 | 2.03 
Total content, 251 y per 4 ml. 
Amino acids 0.2 M potassium phthal- | 4.5) 3.20 
Total content, 313 y per 4 ml. ate-HCl buffer 
Amino acids Water 4.5 | 3.17 
Total content, 313 y per 4 ml. 


* When color was obtained from the solution of amino acids containing no taurine, 
this amount was subtracted from the color obtained from the solutions containing 
taurine to calculate the per cent recovery. 
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PERCENT RECOVERY 


Fic. 3. The per cent recovery of taurine from a standard solution containing 9.7 
+ per 4 ml. and 15.3 y per 4 ml. and from a urine sample containing 7.6 y per 4 ml. 
after 3, 4, and 5 hours of shaking. 


DETERMINATION OF TAURINE IN URINE 


120 
100 
80F 
40} I5.37/4 mi. Std. 
9.77/ 4 mi. Std. 
7.67/4 ml. Urine 
0 | 2 5 6 7 9 10 
HOURS 


TABLE IV 


Taurine Values Found for Unhydrolyzed and Hydrolyzed Urine 


Obtained from Nineteen Male Subjects 


Name Unhydrolyzed Hydrolyzed 
mg. per 24 hrs. mg. per 24 hrs. 
J.K 194.76 241.47 
J.5 287 .28 310.95 
W.G 131.22 131.13 
L.S 253 .35 287 .19 
J.N 178 .38 173 .52 
119.88 136.17 
A. L 211.14 239 .58 
C.H 191.25 229.41 
G. J 165.15 216.99 
R. H 513 .90 512.10 
P 230.40 216.90 
R.H 269 .73 343 .35 
P.H 210.42 226 .62 
F.S 139.77 165 .60 
R. Z 43 .83 52.92 
J.S 268 . 20 256 .05 
V.W 260 .37 319.68 
G. B 213 .57 232 .29 
140.04 145.35 
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tween the ages of 20 and 40 years. They were analyzed for taurine both 
before and after hydrolysis. The results obtained are shown in Table IV. 
DISCUSSION 

The presence of taurine was first reported in normal urine by Dent (10) 
less than 10 years ago. Stein (1) subsequently reported excretion values 
of 86 to 294 mg. per 24 hours obtained on unhydrolyzed specimens from 
eight normal males. After hydrolyses, three specimens gave 24 hour values 
of 147, 180, and 302 mg., respectively. In the current series the range 
reported, 44 to 514 mg. per 24 hours, is the same both before and after hy- 
drolysis. The average value is, however, slightly higher in the hydrolyzed 
specimens. ‘These increased values are probably due to the presence of 
eysteic acid formed during the hydrolytic treatment or taurine liberated 
from traces of taurocholic acid originally present in urine. 

Tyrosine-O-sulfate, a constituent of normal urine, has been reported not 
to adhere to the acid form of Dowex 50 (11). It was therefore expected 
that the presence of this substance in urine would introduce an error since 
its DNFB derivative would be expected to have an absorption maximum 
very close to 355 my. However, inspection of Table I] shows that, at 
values double the reported average daily excretion value (28 mg.), no in- 
crease in optical density resulted due to the presence of this substance. If 
exceedingly large amounts of tyrosine-O-sulfate are present, some color does 
appear, but these are so high that they may be considered to be well be- 
yond physiological limits. 

Of the many substances tested for interference in the taurine values de- 
termined by this method, only cysteic acid appears likely to be present in 
sufficient amounts (1) to produce artificially high values. Since the nor- 
mal cysteic acid content of urine is reported to be low (1), the error intro- 
duced by its presence is one of low magnitude. 

It has been demonstrated by Portman and Mann (12) that prefeeding 
animals a diet low in organic sulfur results in tissue retention of taurine and 
a decrease in its urinary excretion. Since no effort was made in this 
study to control the diet of the nineteen males chosen for urine analysis, 
this factor no doubt influenced the results obtained. 

It has previously been demonstrated (13-16) that methionine, cysteine, 
sulfate, and glutathione are precursors of taurine. Kay et a/. (17) have 
been able to show an increased excretion of taurine following total body 
x-irradiation of rats. This suggests increased oxidation of the sulfur-con- 
taining compounds of the body. In view of the well established effect of 
irradiation on sulfhydryl] groups (18), this is undoubtedly the case. Kay 
and coworkers (17) also report an increase in the excretion of cysteic acid 
following irradiation. However, the increase in taurine is 10 times greater 


9.7 
ml. 
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than that in any of the other amino acids. Use of the current test to de- 
termine the amount of taurine present following irradiation will therefore 
yield values that are increased by the value of any cysteic acid which is 
also present in the urine samples. It has been suggested (17) that meas- 
urement of the increased excretion of taurine following irradiation may 
have some diagnostic value. If so, simultaneous measurement of the in- 
creased excretion of cysteic acid would be of no particular disadvantage. 

Some clinical applications for a test of this kind may well develop in view 
of the recent studies of Mann et a/. (12, 19-21) on taurine metabolism and 
on the relationship of the sulfur-containing amino acids to hypercholes- 
terolemia. 


SUMMARY 


The sodium salt of dinitrophenol taurine has been synthesized and its 
absorption spectrum from 450 to 300 my described. 

A method for the determination of taurine in urine is outlined. The 
method depends upon the fact that taurine does not adhere to the acid form 
of Dowex 50 and that its colored derivative with 1-fluoro-2 ,4-dinitroben- 
zene is formed readily and measured at 355 mu. 

One compound normally present in urine, cysteic acid, has been found 
to yield color under the conditions described. Since this compound is nor- 
mally present in urine in only small amounts, the test is reasonably specific 
for taurine. 

The 24 hour taurine excretion values of nineteen normal males are re- 
ported for both hydrolyzed and unhydrolyzed specimens. The average 
value for the unhydrolyzed samples was 211.6 mg. per 24 hours and for 
the hydrolyzed, 233.5 mg. per 24 hours. 


The authors take pleasure in acknowledging the interest and encourage- 
ment of Dr. Robert J. Hasterlik and the helpful suggestions of Dr. Leif 
Sorensen. Mr. Rodney Sung also contributed to the early phases of the 
work. 
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The present report deals with the partial purification of cholesterol 
esterase and with some properties of this enzyme. The final product 
obtained had an activity 400-fold greater than that of the starting material, 
an acetone powder of pork pancreas. The purification of the enzyme was 
facilitated by the development of a rapid and simple turbidimetric method 
for the assay of cholesterol esterase, which is also described here. 


EX PERIMENTAL 
Materials 


The cholesterol used in the assay procedure was recrystallized once 
from acetone, twice from ethyl alcohol, and finally from a 3:1 mixture 
of methanol and ethyl ether by allowing the ethyl ether to evaporate. 
The resulting compound melted sharply at 150°. 

Commercial oleic acid was purified as described by Hilditch (1). The 
acid was dissolved in acetone, and saturated fatty acids were allowed to 
precipitate in a dry ice-acetone bath. ‘The acetone was removed, and the 
oleic acid was distilled at 210° and 6 mm. pressure. 

The sodium taurocholate was purified by the method of Harold and 
Chaikoff (2). Cholesterol butyrate was prepared as described by Page 
and Rudy (3). 


Assay of Cholesterol Esterase 


Schulman and Cockbain (4) reported that a mixture of cholesterol and an 
emulsifying agent stabilizes emulsions of mineral oil and water. The 
substitution of either cholesterol stearate or the acetate for the free sterol 
failed to give a stable emulsion. This difference in the behavior of choles- 
terol and its esters is the basis of one of the procedures used here for the 
assay of cholesterol esterase. 

A clear emulsion of cholesterol was prepared as follows: 1 mmole of 
cholesterol and 2 mmoles of oleic acid were dissolved in 30 ml. of ethyl 
ether, and to the solution were added 224 ml. of 0.154 m phosphate buffer 


* Aided by a grant from the United States Public Health Service. 
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(pH 6.15) containing 2.40 gm. of sodium taurocholate. The mixture was 
swirled rapidly and continuously on a hot plate until all the ether was 
driven off. The resulting emulsion showed the Tyndall effect but was 
water-clear. This emulsion is stable for about 6 hours. 

When a solution of cholesterol esterase was added to the clear emulsion, 
turbidity developed. The nephelometric method was standardized against 
a conventional digitonide procedure (Sperry and Webb (5)) for the determin- 
ation of cholesterol esters. The relation between the degree of turbidity 
and the extent of esterification of cholesterol is shown in Fig. 1. 


8 


Increase in Turbidity (Klett readings) 


iO 20 30 40 50 60 7 80 
Percent of Cholesterol Esterified as Determined 
by the Method of Sperry & Webb. 
Fic. 1. The relation between the degree of turbidity and the extent of esterifica- 
tion of the cholesterol. 


The reaction mixture, consisting of 7.0 ml. of the cholesterol emulsion 
and 0.5 ml. of the 0.154 m phosphate solution of the enzyme, was incubated 
at 37° with constant shaking. At the end of 15 minutes the turbidity was 
measured in a Klett colorimeter (no filter was used). The incubation of 
the reaction mixture was continued, and another reading was made at 
the end of 30 minutes. (1 unit of enzyme activity is defined as that amount 
of activity required to produce an increase in turbidity of 1 unit per minute 
on the Klett scale during the second 15 minutes of a 30 minute incubation.) 

The protein content of each enzyme preparation was determined either 
by the biuret reaction or by the light absorption at a wave length of 280 
my, according to the method of Warburg and Christian (6), in a Beckman 
DU spectrophotometer. 
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Various amounts of enzyme, from 0.1 to 0.5 ml., were made up with 
water to a final volume of 0.5 ml., and the units of cholesterol esterase 
activity in each mixture were determined as described above. The results 
(Fig. 2) show that the rate of cholesterol esterification under our condi- 
tions is proportional to the concentration of enzyme up to 10 units of 
activity. 

The turbidimetric procedure required from 1 to 1.5 hours for completion, 
and this rapid method was used to assay activity of stages in the enzyme 
purification. When the Sperry-Webb procedure (5) was used for deter- 
mination of sterol esters, an enzymatic assay required about 2 days, and 
this more exact method was used in the study of the esterifying properties 
of the enzyme except when the sterols under study did not react with the 
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Units of Activity 
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Ol 0.2 03 04 0.5 
MI. of Enzyme 
Fic. 2. The relation between measured amounts of enzyme preparation and units 
of activity. 


Liebermann-Burchard reagent. In those cases we used the manometric 
method of Korzenovsky et al. (7),' a method based on CO, released from 
a bicarbonate-buffered reaction mixture containing cholesterol butyrate, 
sodium taurocholate, and the enzyme preparation. The capacity of frac- 
tions to hydrolyze cholesterol esters was also determined by this method. 


Purification of Enzyme 


Extraction with Phosphate Buffer—The starting material was an acetone 
powder of pork pancreas. We are indebted to Dr. C. W. Pettinga and 
Dr. M. Korzenovsky of the Lilly Research Laboratories, Indianapolis, 
for its preparation. 40 gm. of this powder were extracted several times 
with 100 ml. portions of 0.154 m phosphate buffer (pH 6.15) until a total 


1 We are indebted to Dr. M. Korzenovsky, of the Lilly Research Laboratories, In- 
dianapolis, for making the details of this procedure available to us. 
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of 500 ml. of turbid extract was obtained (Table I). Each portion of 
the extract was clarified by centrifugation at 3000 r.p.m. and filtration 
through Whatman No. 41 filter paper. The extraction and clarification 
were carried out at room temperature. 

First Ammonium Sulfate Precipitation—110 gm. of solid (NH4)2SO, were 
added to the 500 ml. of phosphate extract of the enzyme at room tempera- 
ture, and the precipitate was spun down in a Servall angle centrifuge (SS-1) 
at 10,000 r.p.m. for 10 minutes. This precipitate contained considerable 
activity (Table I), but was discarded because, in our hands, it did not lend 
itself to further purification. 


TABLE I 
Purification of Cholesterol Esterase from 400 Gm. of Acetone Powder of Pork Pancreas 
Over-all 
Fraction Volume | Specie | Protein | recov 
ml me. units 
1 | Acetone powder suspension 500 0.20 '400,000*, 80,000 | (100) 
2 Phosphate extract 500 0.50 | 96,000 | 48,000 | 60 
3 Ist (NH4,4)250, ppt. (discarded) 100 6.4 3,800 | 24,000 | 30 
4 | 2nd (NH,4)2SO, “ 100 7.8 1,200 | 9,600; 11 
5 | Ethanol supernatant 225 | 25 330 | 8,200; 10 
6 Supernatant after 3rd (NH,).SO, | 225 | 44 85 | 3,700 4.6 
pptn. 
7 Fractional elution, 3rd protein peak 2; 89 6 550 0.7 


* Ten 40 gm. batches of material were carried through separately to Step 4, and 
the products were combined. 


Second Ammonium Sulfate Precipitation—To the clear, supernatant 
fluid at room temperature were added 100 gm. of solid (NH,4)2SO,, and 
the precipitate was separated by centrifugation. This precipitate was 
dissolved in ice-cold 0.154 m phosphate buffer (pH 6.15) and dialyzed for 
the first 24 hours against running distilled water at 0° and for a second 24 
hours against glass-distilled water changed at frequent intervals. The 
white precipitate that formed in the dialysis bag was separated by cen- 
trifugation in the Servall centrifuge, and redissolved in ice-cold 0.154 m 
phosphate buffer (pH 6.15). The slightly amber solutions obtained from 
ten batches were pooled and made to a volume of 100 ml. with the same 
phosphate buffer. 

Ethanol Fractionation—To this 100 ml. of ice-cold phosphate solution 
were added, with stirring during a 5 minute period, 33 ml. of ice-cold re- 
distilled 95 per cent ethanol. The temperature was allowed to rise to 10° 
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of during the addition of the ethanol to denature inactive protein. A floc- 
n culent precipitate formed. ‘The temperature of the mixture was lowered 
n to 0°, and the precipitate was centrifuged and discarded. The supernatant 
solution was dialyzed against distilled water at 0° for 24 hours to remove 
e the ethanol. The volume of dialysate was made to 225 ml. 
\- Third Ammonium Sulfate Precipitation—The dialysate was carefully 
) brought to pH 5.0 with 0.1 n HCl, and 25 gm. of solid (NH,4).SO,4 were 
e added per 100 ml. of solution. The mixture was centrifuged and the 
d precipitate discarded. 


Fractional Elution—To the clear, supernatant solution were added, first, 
5 gm. of Whatman cellulose powder and then 5 gm. of solid (NH4)oSO, per 
100 ml., which brought the concentration of (NH4).2SO, to 30 gm. per 100 
8 ml. The mixture was centrifuged and the supernatant fluid discarded. 
a A suspension of this cellulose-protein precipitate was made with an 


F (NH4)2SO0, solution (35 gm. per 100 ml.) and poured into a glass column 
= (15 mm. in diameter) containing 2 cm. of cellulose powder in the bottom. 
Two reservoirs were set up in series above the column, the lower one 
, containing a solution of 70 gm. of (NH4)oSO, in 200 ml. of water, and the 
upper one a solution of 100 gm. of (NH4).SO, in 500 ml. of water. Since 
the more dilute solution in the upper reservoir dripped into the lower, 
more concentrated solution, a continuous concentration gradient of am- 
p monium sulfate solution passed through the column. Fractions of 15 ml. 
each were collected with the aid of a fraction collector, and the protein 
7 content of each fraction was determined. The individual protein peaks 
- were assayed for cholesterol esterase activity. The solution eluted in the 
d third peak, which contained most of the activity, was treated with more 
(NH4)2S8O0, (5 gm. per 100 ml.). The precipitated protein was separated 
by centrifugation and dissolved in 2 ml. of distilled water. 
. The final product represented a more than 400-fold increase in specific 
d activity over the starting material. Analysis by ultracentrifugation 
" (Spinco model E) revealed two peaks, neither of which was completely 
: sedimented by centrifugation at 59,780 r.p.m. for 2 hours. 
e Properties of Purified Enzyme 
Identity of Hydrolytic and Synthetic Activities of Cholesterol Esterase— 
- We studied the ratio, specific activity for syntheses to that for hydrolyses, 
: with three of the fractions obtained during the purification of the enzyme: 


a suspension of the acetone powder in phosphate buffer, the ethanol super- 
natant solution, and the third protein peak of the fractional elution (Table 
. I). Aliquots of each fraction were used for esterification and hydrolysis. 
The ratio of synthetic capacity to hydrolytic capacity remained constant 
during the purification (Table II). Similar findings were reported re- 
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cently by Korzenovsky et al. (7), which are consistent with the view that 
esterifying and hydrolytic properties reside in a single enzyme. However, 
since our purest product contained at least two protein components, the 
possibility of separate enzymes cannot be ruled out unequivocally. 
Specificity of Esterification at pH 6.20; Sterol Specificity—The capacity 
of the purified enzyme to esterify a variety of sterols was determined 
(Table III). In each case the reaction mixture consisted of 7 ml. of sterol 
emulsion prepared as described under “Materials.” Of the sterols stud- 
ied, only dihydrocholesterol, 8-sitosterol, and stigmasterol were esterified 
to any significant extent by our purified enzyme. All the sterols recorded 
in Table III were readily emulsified except stigmasterol and §-sitosterol 


TABLeE II 


Relative Synthetic and Hydrolytic Capacities of Various 
Fractions Obtained during Purification of Enzyme 


Synthesis of Hydrolysis of | 


| 
| 
cholesteryl! | cholesteryl | 
oleate butyrate =| Specific activity synthesis 
Fraction 
= | Specific activity hydrolysis 
Specific Specific 
activity*® | activityt | 
Acetone powder suspension... .. 0.22 | 0.10 2.2 
Kthanol supernatant........... 11 2.3 
3rd protein peak of fractional 


* See Table I. 
t Microliters of CO, produced per 10 y of enzyme protein per 30 minutes. 


The lower esterification values with the two latter sterols are undoubtedly 
the result of this difficulty in their emulsification, since Korzenovsky et al. 
(7) recently reported esterification to the extent of 71 per cent for -sito- 
sterol. 

Esterification of many of these sterols with a purified preparation of 
the enzyme has also been studied by Korzenovsky et al. (7), and the fol- 
lowing conclusions can be drawn from both studies: (1) the 6 configuration 
of the OH group on carbon 3 is essential for occurrence of esterification; 
(2) the esterification of dihydrocholesterol shows that a double bond be- 
tween carbons 5 and 6 is not essential; (3) failure to observe esterification 
of 7-dehydrocholesterol indicates that saturation at carbon 7 is necessary; 
(4) certain modifications of the side chain depress but do not abolish 
esterification. 

Korzenovsky et al. (7) also studied the esterification of coprosterol and of 
7-8-hydroxycholesterol, and established that a hydroxyl group at carbon 7 
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prevents esterification and that the A/B-trans-decalin type configuration is 
also a requirement for esterifying action of the enzyme. 

Fatty Acid Specificity—The capacity of the enzyme to esterify cholesterol 
at pH 6.20 with a variety of fatty acids was studied. The emulsified 
reaction mixture in this case consisted of 1 mmole of cholesterol and 2 
mmoles of the given fatty acid, in addition to the taurocholate and buffer 
described under ‘“‘Materials.”” The fatty acids were purified by fractional 
precipitation, and the rate of esterification was determined by the Sperry- 


III 


Effect of Configuration of Sterol upon Rate of Its Esterification 
with Oleic Acid at pH 6.20 


| 3 

x | x 
| z 
TiS 
ols 
| 
Sterol | Sterol 
|= ~ 
aE 
| 

Epicholesterolf........... | 0 | 8-Sitosterol*.......... 39 
Dihydrocholesterolf...... | 109 | | 22 
7-Dehydrocholesterol*. .. | 0 _Cholesteryl chloridef. .. 0 
Diethylstilbestrolf....... 0 _Coprostanonef........... 0 


* esterification was determined by the method of Sperry and Webb (5). 
t Esterification was determined by the method of Korzenovsky et al. (7). 


Webb method (5). The eighteen carbon fatty acids containing one (oleic) 
or two (linoleic) double bonds were most readily esterified at pH 6.20 
(Table IV). 

Specificity with Respect to Emulsifying Agent—Several emulsifying agents 
were examined with respect to their capacity to enhance cholesterol esterase 
activity. Reaction mixtures were set up as described above, with the 
emulsifying agent to be tested substituted for the sodium taurocholate. 
Esterification was determined by the method of Sperry and Webb (5). 
The results (Table V) indicate that a conjugated bile acid is required for 
the reaction. It has been reported that the free trihydroxy bile acids are 
more effective than the di- and monohydroxy acids (8), but in our hands 
only the conjugated bile acids were sufficiently soluble to enable us to use 
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them as emulsifying agents. A recent note by Korzenovsky et al. (9) 
deals at great length with the role of cholic acid in the esterification of 
cholesterol. Tween 20 and Tween 80 act as effective inhibitors of the 
purified cholesterol esterase even in the presence of taurocholate (Table V). 

Effect of Monovalent Metal Ions on Esterification of Cholesterol—During 
purification, it was consistently noted that, if the enzyme preparation 
were dialyzed against distilled water rather than phosphate buffer, the ac- 


TABLE IV 
Effect of Varying Chain Length and Degree of Saturation 
of Fatty Acid on Rate of Esterification at pH 6.2 


> __fatty acid ; __ fatty acid 
Fatty acid mmoles esterified Fatty acid mmoles esterified 

oleic acid oleic acid 
44 109 
Palmitic......... 28 Linolenic........ 13 

TABLE V 


Effect of Various Emulsifying Agents on Esterification of 
Cholesterol by Purified Cholesterol Esterase 


Per cent cholesterol | Per cent cholesterol 
esterified in presence esterified in presence 
of emulsifier R _ of emulsifier 
Emulsifier Per cent cholesterol Emulsifier Per cent cholesterol 
in ee in presence 
o ium | @ ium 
taurocholate taurocholate 
100 | 100 
eo 12 Taurochenodeoxycholate. . . | 93 
Taurocholate......... 100 | 0 
Lithocholic acid...... 7 | 0 
Deoxycholic “ 9 Sodium taurocholate + 
Glycocholic “ ......| 1] | 2 


tivity of the dialyzed enzyme preparation was increased by (NH4).S0O, 
precipitation, provided that the preparation was not again dialyzed. 
Because of the possibility that the (NH4)* ion was exerting an activating 
influence on the enzyme, an experiment was designed to study the effect 
of various monovalent ions on a purified preparation that had been dialyzed 
against distilled water for 8 hours. The assay mixture was prepared as 
described above, except that distilled water was used rather than phosphate 
buffer. Salt solutions were prepared and adjusted to pH 6.20 either with 
dilute HCI or the appropriate base. A given salt solution was incubated 
with the enzyme preparation for 15 minutes, and these were then added 
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to the other constituents of the reaction mixture. 
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The method of Sperry 


) 
f and Webb (5) was used to determine cholesterol esters. The data (Table 
2 VI) indicate that enzyme activity is enhanced by monovalent ions. We 
TaBLEe VI 
3 Effect of Monovalent Ions upon Esterification of Cholesterol by Enzyme 
, Preparation Dialyzed for 8 Hours against Distilled Water 
; Per cent cholesterol Per cent cholesterol 
esterified by dialyzed esterified by dialyzed 
co 
monovaien 
Salt added Per cent cholesterol Salt added Per cent cholesterol 
esterified by dialyzed, esterified by dialyzed 
preparation preparation 
100 100 
100 NaCl, 1 X m....... 125 
KCl, 1 K 10-3 a......... 135 LiCl, 1 X 10°? w........ 125 
NH,Cl, 1 X 107° 130 (NH,4)2S0,4, 5 X 10-4 130 
TaBLe VII 
Effect of Various Divalent Metal Ions on Esterification of Cholesterol 
Per cent cholesterol Per cent cholesterol 
esterified by enzyme esterified by enzyme 
preparation contain- preparation contain- 
ing ing 
P metal ion , metal ion 
Added Per cent cholesterol Per cent cholesterol 
esterified by esterified by 
' cholesterol esterase cholesterol esterase 
, without additions without additions 
Zn** (as Zn acetate), 1 X 106 
90 Mg** (as MgCl), 
Zn*+ (as Zn acetate), > 108 
60 Mn** (as MnS80,), 
Cutt (as Cu acetate) 108 
1 10-5 97 Cot (as Co(NO;):), 
x 1X 10M 105 
Hg** (as HgCl.), Cat+ (as CaCl), 


were unable to obtain an enzyme solution entirely devoid of these ions 
since, in our hands, this enzyme was insoluble in distilled water. 
Effect of Divalent Metal Ions on Cholesterol Esterase Activity—The study 


of the effect of ions on the enzyme preparations was extended to divalent 
metal ions by the addition of the appropriate salt solution to the prepara- 
tion 15 minutes before incubation, exactly as was done in the preceding 
study with monovalent ions. A marked inhibition of enzyme activity by 
copper and mercury, at a concentration of 10-5 m, was found (Table VII). 
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Some inhibition was obtained with zinc at a 10-* m concentration. No 
effect was noted with the other divalent metal ions examined. 

Effect of p-Chloromercuribenzoate (PCM B)—The results obtained with 
the divalent ions could be interpreted as indicating that free sulfhydryl 
groups in the enzyme are required for activity. Therefore, the effect of a 
specific sulfhydryl-inactivating agent (PCMB) was studied. The enzyme 
preparation was incubated with the PCMB for 15 minutes before being 
added to the substrate mixture. The inhibition which was obtained 
(Table VIII) was completely reversed by the addition of either cysteine or 
glutathione to the enzyme preparation. 


VIII 
Effect of p-Chloromercuribenzoate (PCMB) 
Per cent cholesterol Per cent cholesterol 
esterified after esterified after 
additions additions 
cholesterol esterase cholesterol esterase 
without additions without additions 
xX 100 xX 100 
100 PCMB,1 X 10-*m + glu- 
PCMB, 1 X ...... 24 tathione, 1 10°? M.. 89 
86 Glutathione, 1 K 10°? M. 106 
1X + eys- Cysteine, 1 X 10°? M.... 104 
teine, 1 X 10°? M...... 102 
DISCUSSION 


In the purification of the enzyme, we made use of the common methods 
of protein fractionation. The stability of the enzyme in ethanol, at tem- 
peratures up to 10°, made possible its separation from large amounts of 
inactive protein denatured by this drastic treatment. Gradient elution of 
the enzyme from a cellulose column was also employed. Bowman (10) 
has recently described the use of gradient elution of seminal phosphatase 
from Dowex 50. 

The findings presented here indicate that pancreatic cholesterol esterase 
catalyzes a reversible reaction. However, our purest product contained 
at least two protein components, and hence the existence of separate 
enzymes for synthesis and hydrolysis cannot be ruled out. 

According to Swell and Treadwell (11), the rate of synthesis of choles- 
terol esters by pancreatic esterase is dependent upon the pK, of the fatty 
acid. These workers found that the optimal pH for esterification of choles- 
terol by hog pancreas homogenates was lower as the chain length of the 
fatty acid was shorter. However, with the purified enzyme used here, the 
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optimal pH for esterification, 6.20, was the same, regardless of chain 
length of the even-carbon fatty acids from hexanoic to stearic acid (un- 
published observations). The same pH optimum has been reported by 
other investigators (7, 12), using cholesterol and oleic acid as substrate. 


SUMMARY 


1. A partial purification of cholesterol esterase from hog pancreas is 
described, yielding a product with a 400-fold greater activity per mg. of 
protein than the acetone powder used as starting material. 

2. Evidence consistent with the view that the hydrolytic and synthetic 
activities reside in a single enzyme is presented. 

3. Data on substrate specificity (sterols, fatty acids, and emulsifying 
agents) of the purified enzyme are presented. 

4. Evidence is given suggesting that free sulfhydryl groups are involved 
in enzymatic esterification of cholesterol. 
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RIBONUCLEASE SPECIFICITY: COMBINED ACTION OF THE 
MAJOR COMPONENTS OF CRYSTALLINE RIBONUCLEASE 
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(From the Department of Medical Research, National Children’s Cardiac 
Hospital, Miami, Florida) 


(Received for publication, March 11, 1957) 


The actions of the naturally occurring ribonuclease (RNase) fractions, 
ribonuclease A (RNase A) and ribonuclease B (RNase B), in certain defined 
proportions, determine the synthetic and hydrolytic activities of crystalline 
RNase. When the proportions of RNase A to RNase B are altered by 
artificial admixture, the activities of the whole enzyme (RNase) are differ- 
ent from those which are observed with the isolated enzyme. 

In previous investigations (1, 2), we showed that RNase B liberated 9.8 
to 13.8 per cent of guanylic acid, and that crystalline ribonuclease, which 
contained both fractions A and B, liberated only 0.9 to 1.2 per cent. Fur- 
thermore, some synthetic activities of crystalline RNase observed by Hep- 
pel, Whitfeld, and Markham (3, 4) were demonstrated by us (2) to occur 
with RNase B but not RNase A. The complex nature of the action of 
crystalline RNase appears to depend upon the proportion of the two frac- 
tions, A and B, acting together. 

The action of RNase A and RNase B each alone and combined in various 
proportions has been investigated by paper chromatography and by elec- 
trotitration, and the results obtained are reported in the present paper. 


EXPERIMENTAL 


Materials 


Crystalline ribonucleases were prepared in this laboratory from calf 
pancreas (5) or were obtained from Armour and Company, the Worthing- 
ton Biochemical Corporation, and the Nutritional Biochemicals Corpora- 


tion. 
Yeast ribonucleic acid (RNA) was prepared as reported previously (6). 


Methods 


Crystalline RNase ‘“‘Armour,” ‘‘Worthington,” ‘‘Nutritional Biochemi- 
cals,’ and “Laboratory’” were each chromatographed on a column of car- 


‘RNase A and RNase B used in these investigations were obtained mainly from 
Armour crystalline RNase The action of the crystalline enzymes ‘‘Armour,”’ 
“Worthington,’’ ‘‘Nutritional Biochemicals,’’ and ‘‘Laboratory’’ reported in Table 
lis taken from Hakim (2) for comparative purposes. 
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boxylic acid ion exchange resin, Amberlite IRC-50 (7), to obtain a major 
peak designated RNase A and a minor peak designated RNase B. Both 
peaks were rechromatographed and each fraction was crystallized from 
alcohol (5). 

Enzymic hydrolysis was carried out by mixing 0.5 ml. of phosphate buffer 
containing 10 mg. of RNA with 0.25 ml. of a solution of 0.2 mg. of each of 
the RNase samples in 0.2 M phosphate buffer, both at pH 7.2, and incubated 
at 37° for 48 hours. 10 ul. of chloroform were used as a bacteriostatic 
agent. 

Chromatograms of the digests of RNA with each of the enzymes, crystal- 
line RNase, RNase A or RNase B, were developed by the descending tech- 
nique in two dimensions. The solvent systems used were ammonia- 
isobutyric acid (0.56 M ammonium hydroxide solution 4 parts, isobutyric 
acid 6 parts) (8) and tert-amyl alcohol-formic acid-water (3:3:1) (1). 
Permanent records of the chromatograms were obtained by the photo- 
graphic technique (9). The located nucleotide areas were cut from the 
chromatograms and eluted by 5 ml. of 0.01 n HCl. The ultraviolet ab- 
sorption spectrum for each nucleotide was determined by the use of a 
Beckman model DU spectrophotometer. Blanks were eluates of identical 
filter papers cut from blank chromtograms and the mononucleotide spots 
located on the dried chromatograms were cut out in triangular wedge shape, 
with one side ending in a fine point. By dipping the opposite, broad side 
of the paper (which was checked for the absence of ultraviolet-absorbing 
material) in distilled water, the material was concentrated at the point by 
capillary action and successive evaporation. After concentration, the 
pointed tip of the paper was cut off and placed on a previously equilibrated 
electrophoresis apparatus. Controls consisted of the authentically pure 
isomer of the corresponding mononucleotides applied on the same filter 
paper in parallel with the mononucleotides tested. The electrophoretic 
procedure was carried out according to the technique described by Kunkel 
and Tiselius (10), with use of the conditions described by Crestfield and 
Allen (11). 

Hydrolysis of RNA by crystalline RNase (Armour), RNase A and RNase 
B, was followed by electrotitration of the phosphoryl groups liberated by 
action of each of the enzymes. Electrotitration of liberated phosphate 
groups after exhaustive action of crystalline RNase and its major compo- 
nents was performed as follows: Into each of six separate volumetric flasks, 
500 mg. of yeast RNA were dissolved in 25 ml. of recently boiled and cooled 
distilled water. The pH of each was adjusted to 7.5. To the first flask 
was added 500 ul. of crystalline RNase (0.2 mg.); to the second, 500 ul. of 
RNase A (0.2 mg.) ; to the third, 500 ul. of RNase B (0.2 mg.); to the fourth, 
500 wl. of RNase A and RNase B (0.1 mg. of each); and to the fifth, 500 
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ul. of RNase A and RNase B (0.16 mg. of RNase A, 0.04 mg. of RNase B). 
Nothing was added to the sixth flask (blank). The pH of each solution 
was adjusted to 7.5, and the solutions were divided quickly into ninety 
2 ml. vials, all of which were filled with mineral oil, a small air space being 
left at the top which was filled with nitrogen gas. The vials were tightly 
closed with rubber stoppers and incubated at 5°. After 3, 14, 37, 61, 85, 
157, and 205 hours, a vial of each of the six groups was opened, and the 
acidic phosphate groups liberated were titrated with 200 ul. portions of 
each sample. Electrotitration of each sample was carried out as follows: 
3.5 ml. of 0.25 N solution of sodium sulfate were placed in a 4 ml. beaker 
equipped with a glass electrode and the solution was adjusted to pH 7.5. 
The solution in the beaker was stirred magnetically and protected from 
atmospheric CO, by a stream of nitrogen blown over the top of the beaker. 
200 wl. aliquots of each sample of each of the five RNase incubated digests, 
and also of a blank, at each of the seven time periods, were added and the 
pH was adjusted to 7.5 with 0.01 N NaOH. The amount of 0.01 n NaOH 
required to restore the pH to 7.5 was used as the extent of enzyme activity. 
The entire titration was carried out in duplicate. 


Results 


Crystalline RNase (presumably containing A and B fractions) liberated 
1.2 per cent of the total guanylic acid present (Table I), and RNase A and 
RNase B liberated 1.0 and 13.8 per cent of guanylic acid, respectively. 
RNase A and RNase B together in 1:1 and in 1:0.2 ratios liberated 7.2 
and 1.4 per cent of guanylic acid. We found that Armour crystalline 
RNase contained these fractions approximately in the 1:0.2 ratio. The 
presence of an excess of RNase B, in 1:1 ratio, was accompanied by an 
increased amount of free guanylic acid, which was not as much, however, 
as was liberated by RNase B alone. 

Incubation of yeast RNA with RNase A for 24 hours, followed by addi- 
tion of RNase B and 24 hours further incubation, produced 1.2 or 8.5 per 
cent of free guanylic acid when the RNase A to RNase B ratio was 1:0.2 
or 1:1. When incubation was first carried out with RNase B, and then 
RNase A was added, 6.9 or 13.6 per cent of free guanylic acid was liberated, 
depending upon the ratio of RNase B to RNase A (0.2:1 or 1:1). 

When incubation of RNA with RNase B was followed by addition of 
RNase A (1:1 ratio) and further incubation, the amount of guanylic acid 
liberated rose to 14.9 per cent, or equivalent to the sum of the amounts 
liberated by the A and B fractions independently. 

Table II indicates that incubation of RNA with crystalline RNase, 
followed by RNase A, results in the liberation of only 0.5 per cent of free 
guanylic acid, an amount less than is produced by crystalline RNase alone. 
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Uridylic acid (Table I) was produced in 18.1, 18.6, and 13.0 per cent 
from RNA by crystalline RNase, RNase A, and RNase B, respectively. 
When RNase A action was followed by RNase B action, only 7.5 per cent 
of free uridylic acid was obtained when the ratio of enzyme fractions was 
1:1, but 15.7 per cent of uridylic acid was recovered when the ratio was 
0.2:1. Addition of RNase A after incubation with RNase B (0.2:1 ratio) 
resulted in recovery of 17.5 per cent of free uridylic acid. Crystalline 


TABLE I 


Mononucleotides Liberated from Yeast Ribonucleic Acid 
by Major Ribonuclease Components 


— Cytidylic | Guanylic | Adenylic 
acid acid acid acid 

moles per | moles per | moles per | moles per 

100 moles | 100 moles | 100 moles | 100 moles 

Crystalline RNases 

18.1 15.7 1.2 0.0 
Nutritional Biochemical..................... 18.5 16.9 1.0 0.0 
18.2 17.1 1.0 0.0 
Ribonuclease A (RNase A)..................... 18.6 16.7 1.0 0.0 
16.5 13.2 7.2 3.5 
by RNase 7.5 10.5 8.5 3.8 
18.2 | 15.7 | 14.9 | 3.7 
18.2 15.6 1. 1.2 
" ** followed by RNase B (1:0.2)......... 17.8 15.2 1.2 1.7 
“««  ** followed by RNase B (0.2:1)......... 15.7 15.5 7.2 7.6 


RNase followed by RNase B produced 9.5 per cent of free uridylic acid 
(Table II). 

The mononucleotides liberated by the action of crystalline RNase and 
RNase A were found electrophoretically to be the 3’ derivatives. RNase 
B liberated the 3’ derivatives as major products, with traces of 2’ deriva- 
tives. 

The relationships between free, dialyzable, and non-dialyzable nucleo- 
tides produced by the action of RNase A, RNase B, crystalline RNase, 
and RNase A plus RNase B (1:1 and 1:0.2 ratio) are presented in Table 
III. 
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TABLE II 


Free Mononucleotides Liberated by Successive Action of Major 
Ribonuclease Components on Yeast Ribonucleic Acid 
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Uridylic | Cytidylic | Guanylic | Adenylic 
acid acid aci acid 
moles per | moles per | moles per | moles per 
100 moles | 100 moles | 100 moles | 100 moles 
followed by RNase A....... 18.5 16.4 0.5 0.0 
18.6 16.7 1.0 0.0 
* followed by RNase B (1:1)........... 7.5 10.5 8.5 3.8 
“«  * followed by RNase A (1:1)........... 18.2 15.7 14.9 3.7 
TABLE III 
Mononucleotides and Dialyzable Polynucleotides Liberated by 
Major Ribonuclease Components from Yeast Ribonucleic Acid 
Uridylic | Cytidylic | Guanylic | Adenylic 
aci acid aci acid 
moles per | moles per | moles per | moles per 
100 moles | 100 moles | 100 moles | 100 moles 
Crystalline RNase 
Free 18.1 15.7 1.2 0.0 
Dialyzable 0.5 2.5 3.5 1.2 
Non-dialyzable 0.1 5.1 27.8 23.2 
RNase A 
Free 18.6 16.7 1.0 0.0 
Dialyzable 0.1 1.6 2.4 0.9 
Non-dialyzable 0.0 5.4 28.1 23.5 
RNase B 
Free 13.0 12.2 13.8 1.3 
Dialyzable 5.0 5.4 8.2 3.8 
Non-dialyzable 0.0 5.8 8.8 17.8 
RNase A + RNase B 
(1:1) 
Free 16.5 13.2 7.2 3.5 
Dialyzable 1.2 7.1 10.4 2.5 
Non-dialyzable 0.2 3.5 14.8 18.1 
RNase A + RNase B 
(1:0.2) 
Free 18.2 15.6 1.4 1.2 
Dialyzable 0.3 2.8 4.0 1.2 
Non-dialyzable 0.0 23.8 31.8 24.8 
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The non-dialyzable fraction obtained after the action of crystalline 
RNase on yeast RNA contained 27.8 per cent guanylic acid, whereas 
similar fractions obtained after the action of RNase A and RNase B 
alone contained 28.1 and 8.8 per cent guanylic acid, respectively. 

The mononucleotides as well as some of the di-, tri-, and tetranucleo- 
tides produced by the action of crystalline RNase A, RNase B, or by the 


TABLE IV 


Mono-, Di, Tri-, and Polynucleotides Liberated by Major 
Ribonuclease Components from Yeast Ribonucleic Acid* 


Nucleotides RNase A RNase B ~ Ay 

4 (1:0.2) (1:1) 

Ua 18.1 18.6 13.0 18.2 16.5 
Ca 15.7 16.7 12.2 15.6 13.2 
Ga 1.2 1.0 13.8 1.4 7.2 
Aa 0.0 0.0 1.3 1.2 3.5 
AU 7.2 8.5 5.5 6.9 7.8 
AC 4.6 3.2 4.2 4.3 3.6 
AA 1.0 0.8 1.5 1.0 1.2 
AG 1.5 1.0 4.5 1.8 3.2 
GU 6.5 7.8 4.5 6.3 6.8 
GC 3.3 2.2 3.5 4.5 4.0 
AAC 2.5 1.8 3.5 2.8 3.8 
GGU:AGU 6.5 7.4 5.3 6.2 4.8 
(AGG)U 4.2 5.8 3.8 4.6 5.4 
(AGG)C 3.6 2.2 4.5 4.2 3.5 
Unknown 2.8 3.0 2.4 2.6 2.8 


* Ua, Ca, Aa, and Ga are the mononucleotides of uridylic, cytidylic, adenylic, and 
guanylic acids, respectively. AU, AC, AA, AG, GU, and GC represent the dinucleo- 
tides of adenylyl-uridylic, adenylyl-cytidylic, adenylyl-adenylic, adenylyl-guanylic, 
guanylyl-uridylic, and guanylyl-cytidylic acids, respectively. AAC,GGU, and AGU 
represent the trinucleotides. (AGG)U and (AGG)C represent the tetranucleotides. 


combined action of RNase A and RNase B in 1:1 or in 1:0.2 ratios, are 
reported in Table IV. The action of RNase A on yeast RNA resulted 
in the production of 8.5 and 7.8 per cent of adenylyl-uridylate (AU) and 
guanylyl-uridylate (GU). RNase B produced only 5.5 and 4.5 per cent 
of AU and GU. Crystalline RNase yielded 7.2 and 6.5 per cent of AU 
and GU, respectively. On the other hand, RNase B produced 4.5 per cent 
of adenylyl-guanylate (AG), while RNase A and crystalline RNase 
produced only 1.0 and 1.5 per cent AG, respectively. RNase A, together 
with RNase B in 1:0.2 and 1:1 ratios, produced 6.9 and 7.8 per cent AU, 
6.3 and 6.8 per cent GU, and 1.8 and 3.2 per cent AG, respectively. 
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Maximal liberation of titratable phosphate groups (Table V) observed, 
after 205 hours, with RNase B was 971 yweq. per gm. of RNA; with RNase 
A, 867 weq. per gm. of RNA; with crystalline RNase, 847 weq.; with RNase 
A and B (1:1 ratio), 864 weq.; and with RNase A and B (1:0.2 ratio), 845 
yeq. per gm. of RNA. 


TABLE V 


Electrotitration of Acidic Groups Titratable at pH 7.5 Liberated by Action 
of Crystalline RNase and Its Major Components on Yeast RNA 


Blank Crystalline RNase RNase A 
Time 
pH pH pH 
hrs RNA RNA RNA 
3 7.68 6.05 614 6.08 690 
14 7.68 6.00 696 6.00 767 
37 7.62 7.5 5.98 745 6.01 792 
61 7.60 7.5 6.02 760 6.05 797 
85 7.65 10.0 5.92 818 5.97 836 
157 7.40 37.0 5.90 854 5.97 86-4 
205 7.38 33.0 5.88 847 5.97 867 
RNase B RNase A + RNase B (1:1) RNase A + RNase B (1:0.2) 
3 6.52 734 6.08 710 6.03 700 
14 6.40 826 6.06 780 5.98 770 
37 6.40 856 6.40 790 6.00 780 
61 6.43 842 6.04 805 6.03 795 
85 6.36 910 5.90 850 6.06 835 
157 7.68 920 5.94 860 5.95 845 
205 7.33 971 5.95 S64 5.96 845 
DISCUSSION 


The major RNase components, A and B, have different specific actions 
in the hydrolysis of RNA (1). These specific actions are altered when 
the two fractions are combined de novo, and the differences in activities 
observed depend upon the quantitative relationships between them. When 
one fraction is allowed to act before the other, results may vary with the 
sequence of application of the enzymic fractions. 

RNase B liberated more free guanylic acid than did either RNase A 
or crystalline RNase. When RNase A acted simultaneously with RNase 
B, the guanylic acid freed was greatly reduced. The action of RNase B 
in liberating guanylic acid was modified by the subsequent addition of 
RNase A, the degree of modification depending upon the relative proportion 
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of the two enzymic fractions. When the ratio was 1 part of RNase B to 
0.2 part of RNase A, the A component appeared to exert no effect. When 
the ratio was increased to 1:1, instead of an expected decrease, an increase 
was observed amounting to the sum of the percentages produced by each 
fraction alone. This additive effect appears to be due to further action 
of RNase A on guanylic linkages exposed by the prior action of RNase B. 

The decrease in free guanylic acid observed after the action of crystal- 
line RNase followed by that of RNase A may be due to synthesis of dinu- 
cleoside phosphates by RNase B present in crystalline RNase when the B 
fraction is reduced to such a small proportion. Synthetic activities of 
crystalline RNase have been reported previously by Heppel et al. (3, 4). 
We showed this synthetic activity to be due mainly to RNase B (2). 

Uridylic acid was liberated from RNA in larger quantities by RNase A 
than by RNase B. Crystalline RNase produced less uridylic acid than 
RNase A, but more than RNase B. When RNase A acted on RNA first, 
and was then followed by RNase B action, the quantity of free uridylic 
acid was reduced considerably. This reduction probably was due to the 
secondary specific synthetic activity of RNase B, previously described 
(2), which resulted in the binding of free uridylic acid, or of its cyclic 
derivative, and the formation of dinucleoside phosphates. When RNase 
A and B were combined in either 1:1 or 1:0.2 proportions, the action of 
the reconstituted material was greater than that of crystalline RNase. 
Mutual inhibition of the two major fractions (A and B) by the formation 
of enzyme-substrate complexes (12) might have accounted for the dimin- 
ished whole RNase activity. 

Previous reports (13-16) have shown that crystalline RNase catalyzes 
cleavage of certain internucleotide bonds, specifically those between 3’- 
pyrimidine nucleoside phosphoryl groups and 5’-hydroxyl groups of 
adjacent purine or pyrimidine nucleotide groups, liberating 3’ derivatives 
of the pyrimidines. Our present electrophoretic investigations showed 
this action to be accomplished by the A fraction. 

In our previous studies (1) we have shown that mono-, di-, tri-, and 
tetranucleotides are produced by crystalline RNase and RNase A, each of 
which is capable of breaking the ester linkages between pyrimidine nucleo- 
side 2’- (or 3’-) phosphate and adjacent residues; this ester linkage is 
presumably a 2’- (or 3’-), 5’-internucleotide. 

The end products of crystalline RNase and of RNase A digestion, with 
the exception of the mononucleotides, have one pyrimidine nucleoside per 
molecule which is in the terminal position and is linked through its 5’- 
hydroxyl group. These results are consistent with the observations of 
Markham and Smith (13) and of Schmidt, Cubiles, and Thannhauser (14), 
who have reported that the action of phosphomonoesterase on the prod- 
ucts of RNase digestion was to remove by hydrolysis all the phosphoric 
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acid radicals resistant to N hydrochloric acid at 100° for 1 hour (7.e. that 
which is bound to pyrimidine nucleosides), while leaving all other types 
of phosphoric acid linkages. Similarly Cohn (15) has shown that all the 
pyrimidine nucleotides released from RNA by RNase action are of the 
“hb” form. Brown, Dekker, and Todd (16) have shown that the end 
products of RNase digestion of nucleoside 2’ ,3’-phosphates of pyrimidine 
nucleotide were also of the “b” form, in agreement with our findings on 
erystalline RNase and RNase A. 

Crystalline RNase, RNase A, and RNase B each behaves differently. 
They produce different end products, and appear to display different 
synthetic activities. They influence the specificity of each other, and this 
influence varies with the proportion of the fractions to each other, and 
with the sequence of their action. 


SUMMARY 


1. The action on yeast ribonucleic acid (RNA) of ribonuclease A (RNase 
A), ribonuclease B (RNase B), or of the two components combined in 
various proportions, and in different sequences, was studied by paper 
chromatography and by the electrotitration of the liberated titratable 
phosphory! groups. 

2. The specific actions of the two major fractions (A and B) of erystal- 
line RNase are altered when the two fractions are combined de novo, and 
differences in activity observed depend upon the quantitative relationship 
between the two fractions and on the sequence of application of each. 

3. When RNase A and RNase B are combined in either 1:1 or 1:0.2 
ratios, the total activity recovered, as determined by either electrotitra- 
tion or by total mononucleotides liberated, is different from the sum of 
the activities of the two fractions acting separately. 


The author gratefully acknowledges the kind help of Dr. Milton 8. 
Saslaw in the writing of this paper. 
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VITAMIN D AND CITRATE OXIDATION BY 
KIDNEY MITOCHON DRIA* 


By HECTOR F. De LUCA, FREDRIK C. GRAN, HARRY STEENBOCK, 
AND SHELDON REISER 


(From the Department of Biochemistry, University of Wisconsin, Madison, Wisconsin) 
(Received for publication, April 15, 1957) 


It is now firmly established by the work of several investigators (1-8) 
that vitamin D administration increases the citrate content of urine and 
certain tissues. Our interest in the present investigation centered upon 
the mechanism whereby these increases are induced. Earlier work had 
revealed that administration of vitamin D to rats on either a rachitogenic 
or a non-rachitogenic diet reduced the oxidation of citrate to a-ketoglu- 
tarate by homogenates of kidney, but not of liver (9). This effect, together 
with a possible effect on phosphorylation coupled to the oxidation of various 
substrates, has now been studied with preparations of mitochondria. 


EXPERIMENTAL 


30 day-old male rats of the Sprague-Dawley strain were housed individ- 
ually in screen-bottomed cages and were given food and water ad libitum. 
They were given a basal diet composed of glucose (Cerelose), steamed 
commercial egg albumin, Ca- and P-free salts, cottonseed oil (Wesson), 
roughage, and vitamins, as described by Bellin and Steenbock (7). Addi- 
tions of CaCO, and an equimolar mixture of KH.PO, and K.HPO, were 
made at the expense of the glucose to achieve the desired levels of Ca and 
P. The diets were, respectively, either very strongly rachitogenic (Diet 
23, 0.016 per cent P, 0.47 per cent Ca) or non-rachitogenic (Diet 11, 0.5 
per cent P, 0.47 per cent Ca). Diet 23 resulted in severe rickets in 10 to 
12 days, whereas with Diet 11 there was approximately normal skeletal 
development (10). 

With each diet, the rats were divided into two groups, one of which was 
given 75 i.u. of vitamin D per rat every 3 days. Vitamin D was given as 
a solution of crystalline calciferol in 0.1 ml. of cottonseed oil (Wesson). 
After 14 to 18 days on the respective diets, the rats were stunned and killed 
by decapitation. 10 per cent homogenates of the chilled tissues were 
prepared at 0° in a glass homogenizer fitted with a Teflon pestle (A. H. 

* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. We thank the Wisconsin Alumni Research Foundation for the 
funds which made this research possible, Merck Sharp and Dohme Research Labora- 
tories, who supplied some of the vitamins, and Dr. H. A. Lardy for his helpful in- 
terest. 
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Thomas Company), and mitochondria were prepared in isotonic sucrose 
with or without the addition of 0.001 m sodium EDTA, essentially accord- 
ing to the method of Schneider (11). However, in all cases, the mitochon- 
dria prepared from 1 gm. of tissue were finally suspended in 2.5 ml. of 
isotonic sucrose without EDTA. 

All oxidations were carried out in a conventional Warburg apparatus at 
30°. The gas phase was air and the center wells contained 0.2 ml. of 10 
per cent KOH absorbed on filter paper. The oxidations were continued 
for 10 to 20 minutes after 10 minutes equilibration. An aliquot of the 
mitochondria was routinely analyzed for N by nesslerization after digestion 
(12). All oxidation values are expressed as microliters of O2 per hour per 
mg. of N (Qo, (N)). 

The incubation mixtures, 3.0 ml. in volume, contained 40 yumoles of 
potassium phosphate buffer, pH 7.3, 20 uwmoles of MgCl., 6 umoles of ATP 
(sodium salt; Pabst Laboratories), 0.08 umole of cytochrome c (horse 
heart; Sigma Chemical Company), substrate, and isotonic sucrose. In 
addition, where indicated, 40 umoles of glucose and excess hexokinase (Pabst 
Laboratories) were added from the side arm immediately after the 10 min- 
ute equilibration period. All substrates were supplied at 15 uwmoles except 
citrate, which was supplied at 45 wmoles, and pyruvate with oxalacetate, 
which was supplied at 15 wmoles of pyruvate with an addition of 10 uwmoles 
of oxalacetate. Phosphorylations were determined by analyzing trichloro- 
acetic acid filtrates of duplicate reaction mixtures initially and at the com- 
pletion of an incubation for inorganic P by the method of Lowry and Lopez 
(13). The ratio of the micromoles of phosphorus absorbed to the micro- 
atoms of oxygen consumed was calculated (P:Q). 


Results 


Vitamin D additions to the non-rachitogenic diet were found to reduce 
citrate oxidation by kidney mitochondria greatly when a phosphate ac- 
ceptor system (hexokinase-glucose) was present (Table 1), thereby account- 
ing for the effect of vitamin D already observed with homogenates (9). 
The finding of Lardy and Wellman (14) that! mitochondrial oxidation rates 
are limited by the amount of phosphate acceptor probably accounts for 
the reduced effect of vitamin D when no phosphate acceptor system was 
present. The data (Table I) further demonstrate a smaller decrease in 
citrate oxidation when vitamin D was added to the low P rachitogenic 
diet, which agrees with the findings of Steenbock and Bellin (8) that 
vitamin D was less effective in increasing kidney citrate in rats fed low P 
rachitogenic diets than in those fed diets adequate in P. 


1 The following abbreviations are used: EDTA for ethylenediaminetetraacetate 
and ATP for adenosine triphosphate. 
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The above results led us to carry out experiments on the comparative 
effect of vitamin D on the oxidation of various substrates and on the effi- 
ciency of their associated phosphorylations. The results (Table II) 
clearly show that the effect on isocitrate was less than on citrate, although 
on a-ketoglutarate, glutamate, pyruvate plus oxalacetate, succinate, and 
8-hydroxybutyrate the effect was either slight or absent. They also show 
that vitamin D has no effect on the efficiency of phosphorylation coupled 


TABLe I 


Citrate Oxidation by Kidney Mitochondria from Rats 
Fed Either Non-Rachitogenic or Rachitogenic Diet 
with and without Vitamin D 


Diet No. Without PO, acceptor* With PO, acceptor* 
Vo, CV) Po, (V) 

11 (Non-rachitogenic) 398 + 38T 793 + 57T 

1] + vitamin D 333 + 52 350 + 82 
Decrease, % 15 57 

23 (Rachitogenic) 746 + 69 

23 + vitamin D 531 + 120 
Decrease, % 29 


The rats were fed their respective diets for 12 to 15 days. Where indicated, 75 
i.u. of vitamin D were given to each rat every 3 days. There were at least six rats 
ineach group. The reaction mixture is described in the text and the incubations 
were continued for 10 minutes. 

* Hexokinase-glucose system. 


t Standard deviation = / = 


n 


to the oxidations. The P:O ratios agree well with those obtained by 
Copenhaver and Lardy (15) with liver mitochondria. It might be added 
that our values do not represent single step oxidations and probably are 
composites of two or more steps. To conserve space, the P:O ratios 
obtained with the rachitogenic diet are not shown here. However, values 
of 3.0 or better were obtained with citrate as the substrate. 

Earlier (9), it was found that vitamin D increased kidney Ca slightly, 
but the increase was not responsible for the reduction in citrate oxidation 
observed with kidney homogenates. Similarly, it is again evident from 
experiments with mitochondria prepared in the presence of EDTA (Table 
III) that Ca was not responsible for the reduction. 
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TABLE II 


D AND CITRATE OXIDATION 


Oxidation of Various Substrates and Coupled Phosphorylation by Kidney 
Mitochondria from Rats Fed with and without Vitamin D 


P:O Qo, (V) 
Substrate 
Without With Without With Per cent 
vitamin D vitamin D vitamin D vitamin D decrease 
Citrate................] 8.1 & 0.2 | 2.8 4 0.3*| 793 + 57* | 350 + 82* 57 
d-Isocitrate........... 3.2 + 0.2 | 3.3 + 0.1 | 740 + 66 | 537 + 82 28 
a-Ketoglutarate....... 2.8 4+ 0.1 | 2.8 + 0.2 | 818 + 64 | 678 + 35 17 
a 2.2 + 0.1 | 2.3 + 0.1 | 603 + 25 | 548 + 39 i) 
Pyruvate + oxalace- 
3.0 + 0.1 | 3.1 + 0.1 | 917 + 68 | 858 + 70 6 
Glutamate............ 3.0 + 0.2 | 3.1 + 0.1 | 739 + 81 | 631 + 78 14 
8-Hydroxybutyrate....| 2.8 + 0.1 | 2.4 + 0.2 | 204 + 14 | 231 + 10 
Diet 11 (0.4 per cent Ca, 0.3 per cent P) was fed for 14 to 18 days. Where indi- 


cated, the rats each received 75 i.u. of vitamin D every 3 days. 


* Standard deviation = 


n 


The reaction mix- 
ture is described in the text and the incubations were continued for 10 minutes. 
Hexokinase and glucose were present in all flasks. 


There were at least six rats in each group. 


TABLE III 


Effect of EDTA Treatment on Citrate and a-Ketoglutarate Oxidation by Kidney 
Mitochondria from Rats Fed with and without Vitamin D 


No P acceptor With P acceptor 
Substrate Vitamin D 
Qo,(N) P:O Q0o,(N) 
Citrate 0 247 + 35* 2.1 + 0.2* 316 + 39* 
+ 131 + 16 1.4+ 0.2 183 + 43 
a-Ketoglutarate 0 2.4 + 0.2 758 + 48 
4+ 2.4 + 0.2 685 + 9 


The rats were maintained on a 0.4 per cent Ca, 0.3 per cent P diet for 14 days. 
Where indicated, 75 i.u. of vitamin D were given every 3 days beginning with the 
Ist day of the experiment. 

0.001 m sodium EDTA was present in the 0.25 m sucrose used in the isolation and 


washing of the mitochondria. 
except that which may have been retained by the mitochondria. 


No EDTA was present in the incubation mixture, 
The oxidations 


were continued for 20 minutes, and hexokinase and glucose were present in all flasks. 


* Standard deviation = 


2 
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It may be mentioned that the EDTA treatment itself reduced the 
oxidation of citrate, but had no effect on the oxidation of a-ketoglutarate 
(Table III). Additions of Fe+* and Mnt*, activators of aconitase (16) 
and the isocitric dehydrogenases (17, 18), respectively, improved citrate 
oxidation only slightly in these preparations. 

The apparently low P:O values shown in Table III for citrate are 
probably a result of a prolongation of the oxidation periods and low P 
uptakes which tend to magnify the effect of phosphate “leaks.” 

In a few experiments with liver mitochondria, it was evident that 
vitamin D had no effect on either citrate or a-ketoglutarate oxidation and 
no effect on the coupled phosphorylations (Table IV). This agrees with 


TaBLe IV 
Effect of Dietary Vitamin D on Oxidation and Phosphorylation by Liver Mitochondria 
Substrate No D Plus vitamin D 
Citrate Qo, (N) 359 + 24* 342 + 20* 
P:O 3.12 0.2 3.0+ 0.2 
a-Ketoglutarate Qo,(N) 346 + 10 328 + 20 
P:O 2.42 0.2 2.524 0.1 


Diet 11 (non-rachitogenic) was fed for 14 to 18 days and 75 .u. of vitamin D were 
given per rat every 3 days where indicated. The reaction mixture is described in 
the text, and the incubations were continued for 15 minutes. Hexokinase and glu- 
cose were present in all flasks. 

* Standard deviation = 4/2". 

n 


the data obtained with liver homogenate (9) and with the previous failure 
to demonstrate a vitamin D-induced increase in liver citrate (8). 

These studies on citrate oxidation are being continued with an investiga- 
tion of an in vitro effect of vitamin D in the belief that the citrate medium 
may be an important factor in the determination of the transport and 
deposition of Ca in the process of calcification. 


SUMMARY 


Vitamin D added to a non-rachitogenic as well as to a rachitogenic diet 
of rats greatly reduced the oxidation of citrate by kidney mitochondria in 
the presence of a phosphate acceptor (hexokinase-glucose). It produced a 
similar reduction with d-isocitrate, but either slight or no reduction with 
a-ketoglutarate, glutamate, succinate, $-hydroxybutyrate, and with 
pyruvate in the presence of oxalacetate. With all these substrates vitamin 
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D had no effect on the efficiency of phosphorylation coupled to their 
oxidations. 

The reduction in citrate oxidation apparently was not due to an increase 
in the Ca content of the mitochondria, since mitochondria prepared in 
sucrose with the addition of ethylenediaminetetraacetate did not prevent 
the reduction. 

In contrast to the results obtained with kidney mitochondria, the 
results with liver mitochondria showed that additions of vitamin D to the 
diet had no effect on the oxidation of citrate and a-ketoglutarate. Simi- 
larly, it had no effect on the phosphorylations coupled to these oxidations. 
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STUDIES ON THE CHEMICALLY REACTIVE GROUPS 
OF DEOXYRIBONUCLEIC ACIDS* 


By BUENA REINERf anp STEPHEN ZAMENHOF 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, March 1, 1957) 


It has been known since 1944 (1) that the genetic transformation of 
microorganisms can be induced by specific deoxyribonucleic acids. It 
therefore became important to assess the structural factors essential for 
this activity. When the transforming principle of Hemophilus influenzae 
(2) was exposed to various physical and chemical agents (3), almost 
complete inactivation occurred when even a minute fraction of the bases 
was deaminated or removed by hydrolysis. It was also found (4) that 
alkylating agents, including nitrogen mustards and £8-propiolactone, in- 
activated the transforming principle under mild conditions. Specifically, 
this effect of alkylation raised the question as to which components of 
the DNA! were attacked and whether any were attacked preferentially. 

This paper reports a preliminary attempt to answer these questions by 
studying the products of gentle alkylation of the bases, nucleotides, and 
DNA, by dimethyl sulfate, diethyl sulfate, and HN1. Whether the 
actual inactivation of DNA is a direct result of these detectable chemical 
changes remains a matter of conjecture. 

In this study calf thymus DNA was used instead of the relatively 
inaccessible transforming principle; this was justified by a previous demon- 
stration (5) of the parallel effects of various chemical and physical agents 
on both. 


* This investigation was supported by a research grant from the National Insti- 
tutes of Health, Public Health Service, a research grant from the American Cancer 
Society, and an Institutional grant from the American Cancer Society to Columbia 
University. 

t This work is part of a dissertation submitted by Buena Reiner in partial fulfil- 
ment of the requirements for the degree of Doctor of Philosophy in the Faculty of 
Pure Science, Columbia University. Present address, Department of Enzyme 
Chemistry, Division of Laboratories and Research, New York State Health Depart- 
ment, Saratoga Springs, New York. 

' The following abbreviations have been used: DNA, deoxyribonucleic acid; Mel, 
methyl iodide; HN1, N,N-diethyl-8-chloroethylamine hydrochloride; RNA, ribo- 
nucleic acid. 
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EXPERIMENTAL 


Materials—Stock solutions (containing 1300 to 1600 y per ml.) of DNA | 


from calf thymus (5) were kept in the frozen state at —20°. Analysis of 
the final preparation gave the following results: N 14.7, P 8.94, pentose, 
less than 0.1, and protein 1 per cent. 

Purine and pyrimidine bases and nucleotides were commercial products 
(Schwarz Laboratories, Inc., Mount Vernon, New York). No impurities 
could be detected in these compounds by chromatographic methods. 
Dimethyl sulfate, diethyl sulfate, eosin Y, and protamine sulfate were 
commercial preparations. HN1 was kindly supplied by Dr. Karl Pfister, 
Merck and Company, Inc., Rahway, New Jersey. Authentic samples of 
1-methylguanine, 7-methylguanine, amino-methylguanine, 7-methylad- 
enine,? and amino-methyladenine were kindly supplied by Dr. Gertrude 
Elion, Wellcome Research Laboratories, Tuckahoe, New York. Of 
these, 7-methylguanine has been synthesized by Fischer’s method (8), 
which involves a rearrangement of 2-chloro-6-amino-7-methylpurine on 
treatment with alkali. The position of the methyl group is firmly estab- 
lished by the method of synthesis since the starting material was theobro- 
mine, which was first chlorinated to 7-methyl-2,6-dichloropurine. In 
addition, the authors synthesized 7-methylguanine and _ 1,7-dimethyl- 
guanine by the method of Traube (9) and purified the compounds chromato- 
graphically on a Dowex 2 column, with 0.045 N diethylamine-HCl buffer 
(pH 11) as the eluent (m.p. corrected 337-339°). 

Alkylation Methods of Bases and Nucleotides—The bases and nucleotides 
were dissolved in 0.1 mM sodium citrate buffer, pH 7.5, at concentrations of 
1 mg. per ml.; the final pH was adjusted to 7.35 to 7.5 when necessary. 
In the case of guanine it was necessary to add 1 N NaOH until the pH 
reached 10.8 to 11.8. To 1 ml. of the solution were added various amounts 
of alkylating agents and the mixtures were incubated at 23.2° for 6 hours. 

Alkylation of DN A-—Stock solutions of DNA were diluted with 0.1 m 
sodium citrate (for dimethyl! sulfate and diethyl sulfate) or with ‘‘standard 
buffer” (3) for HN1, to contain 275 y of DNA per ml. The incubations 
were carried out as with the bases and nucleotides. 

Chromatographic Analysis —In the case of the bases and nucleotides, 
aliquots of the reaction mixture, without further treatment, were subjected 
to partition chromatography on Whatman No. 50 paper, the solvents 
being either n-butanol saturated with 0.6 x NH, or n-butanol saturated 
with water (for bases) and n-propanol-water-N H, (6:1:3) (for nucleotides). 


2 7-Methyladenine has been prepared by the method of Elion (6) from 7-methyl- 
6-mereaptopurine and ammonia. The position of the methyl group is established 
because the intermediate was synthesized by the method of Fischer (7) from 2-chloro- 
6-mercapto-7-methylpurine, obtained from theobromine via 2,6-dichloro-7-methyl- 
purine. 
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DNA, after alkylation, was precipitated with 2 volumes of ethanol; 
when 0.1 mM citrate buffer was used, the pH was adjusted to 4.5 to prevent 
precipitation of sodium citrate. The precipitate was drained and redis- 
solved in 0.5 ml. of water. The resulting solution was still viscous and 
did not migrate when chromatographed (butanol-water as solvent); no 
bases, nucleosides, or nucleotides could be detected either in this material 
or in ethanol supernatant fractions when chromatographed without 
preliminary hydrolysis. The purines were then hydrolyzed by the method 
of Tamm et al. (10), the mixtures were evaporated to dryness in a vacuum 
desiccator, redissolved in 0.1 ml. of 0.1 N HCl, and subjected to chromato- 
graphic analysis as described above. In order to have sufficient quantities 
of the purine bases and their derivatives, 1000 7 were placed on the paper as 
a band. The chromatographic separation was performed in n-butanol- 
water. 

The various spots were located on the papers by a fluorescence absorp- 
tion technique (11). To test the sensitivity of this method, control 
spots, containing 0.1 to 1 y of the compounds, were subjected to chromato- 
graphic separation. The smallest quantities detectable were as follows: 
adenine, 0.3 to 0.4 y; guanine, 0.3 y; thymine, 0.5 y; cytosine, 0.3 y; ade- 
nosine monophosphate, 0.4 y; guanosine monophosphate, 0.3 y. With 
respect to 100 y of the sample frequently used as starting material in 
detecting the derivatives, these figures also represent the actual percentages 
detectable. For the usual amount of DNA used (1 mg.), the minimal 
percentages detectable are approximately the same. 

Spots were cut out and eluted at 37° for 24 hours. The eluent was 0.1 
n HCI for all bases, except for guanine, which was eluted with 1 nN HCl. 
DNA hydrolysis products were eluted with 0.1 N HCl. 

The apurinic acid (10) which remained as the starting point in this 
chromatographic procedure was recovered (see below) in order to investi- 
gate the derivatives not split during the hydrolysis. These spots were 
completely eluted with two 4 ml. portions of water, the eluates were 
evaporated to dryness, hydrolyzed in 0.05 ml. of 7.5 nN HClO, for 1 hour 
in a boiling water bath, and partially neutralized with 0.05 ml. of 6.5 N 
KOH. The precipitates of KCIlO, were removed by centrifugation and 
washed with 0.05 ml. of 1 N HCl; the washings were combined with the 
original supernatant solution and again subjected to chromatography as 
described above. 

The ultraviolet spectra of the eluates were obtained under acid (0.1 N 
HCl) and alkaline (0.1 N NaOH) conditions with microcuvettes. When- 
ever one of the spots contained sufficient material to give a reliable absorp- 
tion spectrum, an approximate calculation of the absolute amount was 
carried out, with use of the absorption coefficients of the parent compounds 
when those of the derivatives were not known. 
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Identification of Derivatives of Bases from DN A—No attempt was made to 
identify all of the detectable derivatives of free purine and pyrimidine 
bases, but only those which appeared when DNA was treated with dimethy| 
sulfate. The methyl derivatives were selected for identification because 
it was possible to obtain authentic samples of a number of them for com- 
parison. 

The unknown derivatives and the authentic samples were identified by 
chromatography in three different solvent systems. After the Ry values 
(see below) had been measured, unknowns and authentic samples were 
eluted and the ultraviolet spectra determined in acid and alkali. 

Assay of Esterified Phosphate Groups—-The method used for estimation 
of DNA phosphate groups was a modification of the procedure (12) involy- 
ing titration with protamine. The indicator dye used was eosin, which 
loses its greenish yellow fluorescence when bound by protamine. 

Aliquots of 1.5 ml., containing approximately 400 y of DNA, were 
measured out into shell vials approximately 1 cm. in diameter. The 
DNA was precipitated either with ethanol or with acid and ethanol, as 
described previously, and centrifuged in the vials. This step is necessary 
to eliminate electrolytes, which inhibit the dye binding (13). The precipi- 
tated DNA was washed twice with 75 per cent ethanol and then redissolved 
in 0.5 to 1 ml. of water. To the solution was added 0.1 ml. of a freshly 
prepared 0.02 per cent aqueous solution of the sodium salt of eosin. The 
titrating agent was an aqueous solution of protamine sulfate usually 
containing 720 y per ml. which was added with agitation by means of a 
vibrator. The vial was illuminated with reflected light from a tungsten 
bulb so as to exhibit the maximal fluorescent color of the eosin. The 
end point consisted of the rapid appearance of a stable color throughout the 
solution. A precipitate of protamine nucleate forms during the titration, 
but does not interfere with perception of the end point. 

Six samples and six controls were usually titrated, the variations ranging 
from 0.3 to 1.3 per cent. The average weight ratio of salmine sulfate to 
DNA was found to be 0.8, in good agreement with the theoretical value 
of 0.78 based on the mean equivalent weight of 327 for the nucleotide 
components of calf thymus DNA (14) and the composition of salmine 
sulfate (3.93 mmoles of arginine per gm.). 

Other Analytical Procedures—DNA was estimated by a micromodifica- 
tion of the Dische diphenylamine reaction (15, 16). RNA was estimated 
by a micromodification of the orcinol method (16). Protein was estimated 
by a micromodification of the biuret reaction (16). Nitrogen was esti- 
mated by the method of Archibald (17). Phosphate was estimated by 
the Fiske-Subbarow method (18). 
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Results 


The experimental results are summarized in Tables I to VII and in 
Fig. 1. 

Derivatives of Bases—In this work, the derivatives were distinguished 
from one another and from the original compound by their chromato- 
graphic characteristics and by their ultraviolet absorption spectra in 
acid and in alkali. Since the solvent frequently had to be allewed to run 


I 
Derivatives of Free Adenine Resulting from Alkylation 


cent of adenine 
Reagent Derivatives*® Ratio, Ry 4 
Mmole reagent per ml. 
0.1 s HC10.1 NaOH 
0.625 0.127 
mu mu 
None Adenine 263 269 1.00 
Dimethyl] sulfate A-1M 273 273 0.26 3.4 2.3 
A-2M 261 261 0.45 5.3 0.4 
A-3M 259 270 0.63 14.0 10.5 
A-4M 271 271 0.80 44.0 22.0 
Diethyl] sulfate A-1E 274 275 0.60 2.0 0.2 
A-4E 274 273 1.30 19.0 6.7 
A-2E 260 261 1.50 3.0 0.1 
HN1 A-2N 261 261 0.18 2.0 
A-1IN 274 273 0.35 3.0 
A-4N 272 270-271 1.70 26.0 


* A refers to adenine, M denotes a methyl! derivative, E an ethyl derivative, and 
N a derivative of N,N-diethyl-8-chloroethylamine hydrochloride. 

t In n-butanol-water. R y(D/A) is the ratio of the Re of the derivative to the 
Ry of adenine. 


off the paper to get good separations, the comparative mobility of the 
derivative was characterized by a relative value designated Ry (ratio of 
distance traveled by the derivative to distance traveled by the parent 
compound). 

The adenine derivatives obtained with various alkylating agents (Table 
I) were found to include compounds with almost identical spectral charac- 
teristics. Such derivatives are tentatively presumed to be alkylated in the 
same position, as it has been shown (19, 20) that the ultraviolet absorption 
spectrum is less influenced by the type of substituent than by its position. 
Derivatives thus related have been assigned the same number, the initial 
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letter standing for the parent compound and the final letter for the reagent. 
When differentiation could not be unequivocally based on absorption char- 
acteristics, as in the case of Derivative A-4E (which exhibits approximately 
the same maxima as Derivatives A-1M and A-4M), the position of the 
substituent was inferred from the relative yield produced by the various 
alkylating agents. For example, since Derivative A-4E was formed to the 
extent of 19 per cent (saturated diethyl! sulfate), whereas Derivative A-1M 
was formed in only 3.4 per cent yield with the much more active dimethy] 


TABLE II 
Derivatives of Free Guanine Resulting from Alkylation 
Wave length of of 
absorption maxima in 
Reagent Derivative* IMmole reagent per ml 
AwHCl| 
NaOH Solvent 0.625 0.127 
mu mu 
None Guanine | 249 274 | 1.00! 1.00 
Dimethyl] sulfate G-1M 252-254 | 275 | 0.44 | 0.62 5.0 2.7 
G-2M 251 281 | 1.30! 1.30) 13.3 6.2 
G-3M 250 273 1.60 | 1.30 5.7 0.0 
Diethyl Z G-2E 253-254 | 281 1.7 4.0 
G-3E 250 273 2.6 5.6 
HN1 266 274 0.42 5.0 
257 271 0.67 13.0 
255 274 3.10 9.4 


*G refers to guanine; see Table I for the other symbols. 
t Ry (D/G) is the ratio of the Rr of the derivative to the Rr of guanine, in n-bu- 
tanol-NH; (Solvent 1) and in n-butanol-H.O (Solvent 2). 


sulfate, the diethyl sulfate derivative is assumed to be analogous to De- 
rivative A-4M, which is formed in 44 per cent yield with saturated di- 
methyl sulfate. 

One derivative of adenine is formed in large quantities with all of the 
alkylating agents (Derivative A-4M, 44 per cent; Derivative A-4E, 19 per 
cent; Derivative A-4N, 26 per cent). This suggests that one position in 
adenine is very sensitive to attack by such reagents. 

Guanine reacts with dimethyl] sulfate at an initial pH of 10.8 (Table II) 
to produce three derivatives. The reaction with diethyl sulfate does not 
take place readily. Drastic treatment, such as shaking for 24 hours at 
37° at alkaline pH, resulted in the formation of four or five derivatives, of 
which the major two have been listed. The reaction with HN1 at high 
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alkalinity yields three derivatives. As with adenine, compounds with 
common spectral characteristics are found among the various groups. It 
must, however, be noted that the experiments with guanine are not strictly 
comparable to those with adenine because the insolubility of the parent 
compound necessitated an alkaline initial pH in some of the reaction mix- 
tures (as noted under “ Methods”). At pH 12 or higher, guanine reacts 


TaBLeE III 


Derivatives of Adenosine Monophosphate and Guanosine Monophosphate 
Resulting from Alkylation 


Wave Yield of 
length of deriva- 
No. of | absorp- | Ratio, | tive as 
Reagent Parent compound deriv- tion U" |per cent 
atives | maxima |” Ac | of nuc- 
in1lwN leotide 
NH,OH used 
mis 
None Adenosine monophosphate 259 1.00 
Guanosine = 262-5 | 1.00 
Dimethyl] sulfate 0.625 | Adenosine si 2 | 261 1.31 | 2.0 
274 1.51 | 18.0 
Guanosine - 2 | 270 2.35 |} 4.0 
278 2.9 0.9 
Diethyl ” 0.625 | Adenosine ” 2 | 275 2.4 1.6 
260 4.0 3.5 
Guanosine - 2 | 256 5.7 | 11.0 
272 0.4 1.0 
HN1 0.1 Adenosine ” 2 | 270 4.0 4.4 
261 4.6 2.9 
Guanosine “ 2 | 267 2.8 4.2 
258 4.2 2.1 


* In n-propanol-H,O-NH,;; Ac denotes adenosine monophosphate or guanosine 
monophosphate. 


with dimethyl] sulfate to form more derivatives than the ones listed in 
Table II. These have not been included since they were not relevant to 
this investigation. 

Cytosine had only one derivative (wave length at maximal absorption, 
274 my in 0.1 N HCI, 294 muy in 0.1 N NaOH, Ry(D/C) 1.7 in butanol-0.6 
N NH) in the reaction with saturated dimethyl] sulfate, but none at lower 
concentrations, and none with the weaker alkylating agents. As no de- 
rivative of thymine’* was detectable, it appears probable that the pyrimi- 


*’ Thymine derivatives were reported to be formed when alkylating with nitrogen 
mustard methyl-bis(8-chloroethyl)amine under non-physiological conditions (21). 
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dines are much less susceptible to alkylation than are the purines; this _ 
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inference was confirmed by the studies of DNA itself (see below). 
Derivatives of Nucleotides—Table III lists the derivatives of adenosine 
monophosphate and guanosine monophosphate, in which one of the reactive 


TaBLe IV 
Derivatives of Purine Bases Resulting from Alkylation of DNA 


of ab- Vield 
i 
by acid*} MB 
0.1 
mu my 
Dimethyl sulfate 0.127 2 G-2M 1.4 250 281 33.0 
A-4M 0.8 271 271 7.0 
0.0127 1 G-2M 1.4 250 281 3.8 
HN1 0.1 1 A-4N 1.6 272 270 1.9 


* Hydrolyzed with acid under mild conditions (10). 
t Base corresponding to derivative. 


TABLE V 
Esterification of Primary Phosphate Groups of DNA Resulting from Alkylation 
Titer® 
mental | Control 
Y mmole per mi. ml, mil. 

409 Dimethy] sulfate 0.0127 0.593 0.590 —0.5 + 0.3 
320 0.0623 0.265 0.298 11.0 + 1.2 
416 0.127 0.484 0.590 18.0 + 0.5 
416 Diethyl sulfate 0.0125 0.628 0.616 —1.9 + 0.6 
416 0.125 0.262 0.284 7.724 1.3 
400 0.625 0.539 0.599 10.0 + 1.3 
421 HN1 0.1 0.436 0.516 15.5 + 0.7 


* See the text under ‘‘Methods,’’ for details of the procedure. 


groups (nitrogen 9) is blocked. In agreement with expectation, the num- 


ber of derivatives was reduced and most of them were formed in very small 


amounts, even at the highest concentration of alkylating agent used. 


Derivatives of Bases in DN A—With 0.127 mmole of dimethyl] sulfate per 


ml. (Table IV) two derivatives were formed, both of which were removed 


by mild acid hydrolysis (10). 


From their ultraviolet absorption maxima 
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in acid and alkali and from the Ry values, these were tentatively identified 
as the guanine derivative G-2M and the adenine derivative A-4M, respec- 
tively. With one-tenth the amount of dimethyl sulfate, only Derivative 
G-2M was formed. | 

With diethy] sulfate (0.625 mmole per ml.; not with less), one derivative 
was produced. It showed Ry (D/A) = 1.3, but the yield was too small 


TaBLE VI 
Identification of Derivatives of Bases Resulting from Alkylation of DNA 
Ratio, Ru 
Derivatives 
Solvent 1| Solvent 2 | Solvent 3 
mu mu 
ea 271 271 0.80 0.88 0.92 
7-Methyladenine}..................... 271§ 271§ 0.80 0.89 0.92 
Amino-methyladenineft................ 267 273 1.48 1.46 1.01 
9-Methyladeninet..................... 260 262 1.00 1.06 1.04 
251 281 1.46 1.32 1.95 
7-Methylguanine}..................... 250 282 1.46 1.32 1.95 
1-Methylguaninef..................... 251 275 1.43 1.71 1.22 
Amino-methylguaninef................ 250 279 1.94 2.02 1.63 
1,7-Dimethylguanine}................. 252 284 1.90 2.67 2.17 


* Base corresponding to derivative. Solvent 1, butanol-H.O; Solvent 2, butanol- 
NH;; Solvent 3, ammonium isobutyrate. 

t Derivatives from treated DNA. 

t Authentic samples. 

§ Gulland and Holiday (22) reported 269 mz. 


for identification. HN1 also yielded one derivative, tentatively identified 
as Derivative A-4N. 

Esterification of Phosphate in DN A—Table V illustrates the extent of 
phosphate esterification in intact DNA by the alkylating agent. Dimethyl 
sulfate and HN1 are more effective than diethyl] sulfate. 

Identification of Derivatives of Bases from DN A—The identification of 
the two derivatives (Table VI) as 7-methylguanine and 7-methyladenine 
is suggested by the data of Table VI. The absorption spectra of 7-methyl- 
guanine (authentic sample) and Derivative G-2M are shown in Fig. 1. 
The unequivocal identification has to await the availability of authentic 
samples of a few remaining possible derivatives. 
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Fic. 1. Comparison of ultraviolet absorption spectra of Derivative G-2M with 
authentic 7-methylguanine. The abscissa denotes wave length (in millimicrons), 
the ordinate optical density (in arbitrary units). Curve 1, 7-methylguanine in 1 N 
HCl. Curve 2, Derivative G-2M in 1 N HCl. Curve 3, 7-methylguanine in 0.1 N 
NaOH. Curve 4, Derivative G-2M in 0.1 N NaOH. 
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DISCUSSION 


The purpose of this work was to study whether the inactivation of bio- 
logically active DNA is concomitant with a demonstrable attack on the 
bases or on the phosphates, and whether there is any difference in sensitivity 
between these two groups and among the bases themselves. These ques- 
tions can now be partially answered. 

The choice of concentration of alkylating agent was in every case based 
on the lowest concentration which would completely inactivate biologically 
active DNA (0.01 m dimethyl] sulfate; 0.1 m diethyl sulfate; 0.1 ~ HN1) 
(4). Higher concentrations were used only to determine the maximal 
number of derivatives possible under these mild conditions. 

The relevant data (Table VII) indicate that complete inactivation is 
concomitant with an alkylation of a small portion of the base alone or by 
esterification of a portion of the phosphate alone, depending on the reagent 
used. 

Differential sensitivity among the bases of DNA has been established. 
On alkylation at physiological pH and room temperature, only the purine 
bases seem to be attacked in the intact DNA molecule. Complete inacti- 
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vation may occur when only one of these bases, namely guanine, has been 
alkylated. 

Finally, there has been an indication that the most reactive group of 
both purines with respect to alkylation seems to be the nitrogen atom in 
position 7. 

In structural models of DNA which are currently proposed (23), the 
purine ring nitrogens which are free are those in positions 3 and 7. All 
other functional groups are involved either in covalent or in hydrogen 
bonding. The nitrogen atom in position 7 is located peripherically in the 
spiral, and the one in position 3 is more centrally located. Thus, the prob- 
able relative accessibility of the nitrogens is in agreement with the experi- 
mental findings of the present work. 


TaBLe VII 


Results of Alkylation of DNA by Smallest Amounts of Reagents Necessary for Total 
Inactivation of Transforming Principle (4) 


owes - 


Yield 
Reagent ~ 
Per cent parent Per cent prima 
base alkylated phosphate esterified 
mmole per ml. i 
Dimethyl sulfate. ............ 0.0127 3.8* 0.0 
0.125 0.0 7.7 


* Of DNA guanine. 


Since the nitrogen atom in position 7 of the purine in DNA earries no 
replaceable hydrogen, the reaction of the free electron pair with the car- 
bonium ion derived from the alkylating agent can be expected to produce 
a quaternary nitrogen carrying a positive charge. Such a mechanism is 
supported by the known reactivity of alkylating agents such as the mus- 
tards with tertiary and cyclic amines (24), as well as similar properties 
known to hold for dimethyl! sulfate (25). 

The inactivation of transforming principle with these reagents could 
occur either through alkylation of a base or through elimination of a nega- 
tive charge by esterification of the phosphate groups. The latter effect 
might well interfere with the interaction of DNA with such other cell con- 
stituents as the proteins and also disturb the structure of the DNA molecule 
itself. 

Alkylation of the 7 position of the purine, which would be expected to 
result in the formation of a positively charged center, would also disturb 
the pattern of electrical charges. Other examples of such disturbances 
(partial deamination or removal of purines) have been described previously 
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SUMMARY 


The effects of various alkylating agents under mild conditions (pH 7.3 to 
7.5 and 23°) upon free bases, free nucleotides, and highly polymerized 
deoxyribonucleic acid (DNA) of calf thymus were investigated. 

The study of the derivatives of the free bases indicated that the purines 
were more reactive than the pyrimidines. 

After treatment of DNA with dimethyl! sulfate, only one derivative of 
each purine was found. The absorption spectra and the chromatographic 
behavior of these derivatives were almost identical with those of 7-methyl- 
guanine and 7-methyladenine. When the smallest quantity of dimethy] 
sulfate which causes complete inactivation of transforming principle was 
employed, only the guanine derivative was detectable from calf thymus 
DNA; this derivative behaved like 7-methylguanine. 

With quantities of diethyl sulfate, which fully inactivate transforming 
principle, an appreciable percentage of phosphate was found to be esterified, 
but no derivatives of the bases were detectable. 
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The determination of the molecular weight of nucleic acids by physical 
methods has been criticized in view of the uncertain degree of aggregation 
which would result in high values (1). The effect of aggregation on the 
value obtained for the molecular weight of synthetic ribose polynucleotide 
by ultracentrifugation is clearly demonstrated in the studies of Ochoa on 
pure and mixed polymers and mixtures of these (2). 

If the molecular weights obtained by physical methods were to represent 
“chemical”? molecular weights, then the postulate of branching through 
triester phosphate (3) would seem to be inevitable in view of the high values 
found for end groups in various samples by titration and by enzymatic 
methods. Brown, Magrath, and Todd, working with model phospho- 
triesters, found this grouping very unstable in aqueous solution and con- 
cluded that its presence in ribonucleic acid (RNA) was unlikely (4). 

A “chemical” method for the determination of the molecular weight of 
RNA samples which is not affected by physical aggregation and which does 
not presuppose the absence of triester phosphate linkages is therefore de- 
sirable. In this paper we propose such a method through titration of total 
phosphate groups. 

An examination of the various molecular structures proposed for RNA 
(see Fig. 1) reveals the fact that for each possible structure the number of 
titratable phosphoryl groups (P(OH)) is one more than the total number 
of phosphorus atoms (P). Hence the number of nucleotides per molecule 
is equal to 


P 
P(OH) — P 


where P and P(OH) are expressed in terms of molar concentration. This 
formula applies whether the structure is an unbranched chain of nucleo- 
tides, or one which is branched through ribose (Fig. 1, C) or through tri- 
esterified phosphate (Fig. 1, B). In the use of this formula we have as- 
sumed 1 phosphorus atom to be present per nucleotide and the amount 
of cyclic phosphate at the end of the chains to be negligible. 
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EXPERIMENTAL 


Preparation of Sample—Several commercial specimens of yeast RNA 
were studied, as well as samples of pancreas RNA prepared in this labora- 
tory (5). In each case the sample was converted to the salt of 1 cation 
and 1 anion in order to facilitate the quantitative determination of bound 
base. The specimens of yeast RNA were dissolved in M NaCl,' with the 
careful addition of NaOH to a final pH of 6 to 7, and were then dialyzed in 
the cold room first against frequent changes of mM NaCl and finally against 
distilled water until the dialysate became free of chlorides. This treat- 
ment served to exchange sodium for any other base bound to the phos- 


B 


Fic. 1. Molecular structures proposed for RNA, showing the titratable phosphory 
groups (4) foreach structure to be one more than the number of phosphorus atoms 


phory] groups and chloride for any anion which might be bound to amino 
groups. This exchange was shown to be quantitative in the case of one 
sample which was converted by this method from the sodium to the po- 
tassium salt and showed a negative flame test for sodium. The yield of 
RNA secured by this procedure varied from about 50 per cent for sample 
Y2 (the “high polymer” fraction of a commercial yeast RNA prepared by 
Chantrenne’s method (6)) to 0 per cent for a commercial specimen of yeast 
RNA (Boehringer). 

All determinations were performed in duplicate or triplicate on aliquots 
of the same stock solution of the various RNA specimens. ‘The titration 
and the enzymatic end group determination were made within a narrow 
time interval. 


1 KCl was used throughout in Sample Y1. 
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Bound Base—Sodium and potassium were determined by flame pho- 
tometry’ after ashing the nucleic acid solution with sulfuric and nitric acids. 

Phosphate was determined by the Fiske and Subbarow method (7). 

Chloride was determined in the RNA samples in order to permit a cor- 
rection for any base present as chloride and for the titration of any amino 
groups combined as hydrochloride, since these would not be distinguished 
from phosphoryl groups by the titration. 

The samples for the chloride determination were mixed with sodium 
bicarbonate and ashed at 600° in a muffle furnace. The ashed material was 
dissolved, neutralized with HNQOs, and diluted to a known volume. Chlo- 
ride was then precipitated by AgNO; and determined by comparing the 
optical density of the AgCl suspension with that of known standards in a 
spectrophotometer. 

Titration—Aliquot portions of the RNA solutions containing 65 to 130 
umoles of RNA P were titrated with 0.5 N NaOH? from a Scholander micro- 
burette (8), the tip of which was immersed in the sample contained in a 
small beaker. A stream of CO,-free nitrogen provided stirring as well as 
an atmosphere free of COs. The pH was determined after each small 
addition of alkali with a Beckman pH meter (glass electrode). The end 
point of the titration was chosen to be the inflection point (determined 
graphically) of the titration curve near pH 8. 

End Group Determination—The proportion of terminal nucleotide to 
total phosphate was determined by two methods, one of these being a cal- 
culation from the titration curve by the equation developed by Seraidarian 
(9) in the laboratory of Dr. Gerhardt Schmidt.‘ The second method is 
the estimation of glycol groups which appear when phosphomonoesterase 
sets free the phosphate bound to carbon 3 of ribose in the terminal nucleo- 
tide. The procedure used was that described by Schmidt et al. (10). The 
preparation of the enzyme is described in an accompanying paper (11). 

Calculation—The dimensions of the dissociation constants of the various 
acidic and basic groups found in RNA (12) are such that titration from the 
acidic range to pH 8 would include the primary phosphory! groups, acid- 
bound by the amino groups (HCI in our experiments) and the secondary 
phosphoryl groups. Hence “total titratable phosphoryl groups” (7.e. 
P(OH)) may be determined by adding milliequivalents of base found in 
the preparation to milliequivalents of NaOH used in titration to the in- 
flection point and subtracting milliequivalents of chloride. The last step 
serves also to correct for any sodium left in solution as NaCl. 


* The Perkin-Elmer internal standard flame photometer was used. The standards 
contained appropriate amounts of phosphoric and sulfuric acids as well as lithium. 

*The NaOH was prepared with precautions to keep it free from CO: and silica. 

*This calculation assumes that all the secondary phosphoryl groups have the 
same pK. The equation used is quoted by Schmidt (18). 
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It must be pointed out here that a zwitter ion formed between the amino 
and phosphate groups would give a titration of amino groups not ac- 
counted for by the subtraction of Cl-. However, the phosphate group 
involved in such a zwitter ion would bind no base, and the deficiency in 
base would exactly account for the uncorrected amino titration. 


Results 


Table I presents the experimental findings obtained with several RNA 
preparations, the calculated values for titratable P(OH), and also the num- 


TABLE 


Experimental Findings on Various Samples of Ribonucleic Acid with Calculated 
Values for Titratable P(OH) and Number of Nucleotides per Molecule 


peq. per 100 ml. of sample 

Nucleotides 

Sample pH lecule* 
Mound | Titration | Chloride | Total P 
Yl 7.21 2180 50 11.3 2219 1972 8.0 
Y2 6.88 3400 103 4.0 | 3499 3290 15.7 
Y¥3 6.51 1610 163 2.0 1771 1558 7.3 
P1 6.11 2190 203 24.0 2369 2150 9.8 
P2 5.90 2150 207 0 2357 2089 7.8 


Sample Yl high polymer fraction, prepared according to Chantrenne (6) from 
yeast RNA from the Nutritional Biochemicals Corporation. Sample Y2, high poly- 
mer (Chantrenne) from Light and Company’s yeast RNA. Sample Y3, unfraction- 
ated yeast RNA from the Nutritional Biochemicals Corporation. Samples P1 and 
P2, pancreas RNA, prepared according to Kerr and Seraidarian (5). 

* Calculated by the formula P/(P(OH) — P). 


ber of nucleotides per molecule, calculated by means of the equation 
P/(P(OH) — P). 

Column 3 of Table II shows the per cent of terminal nucleotide calculated 
on the assumption that the molecule is not branched through triesterified 
phosphate, while Column 4 gives the per cent of end groups calculated for 
a molecule branched once via triester phosphate. Column 5 shows the 
proportion of end groups calculated by Seraidarian’s method from the 
titration curve (9), while Column 6 gives the corresponding values deter- 
mined by measurement of the glycol groups liberated by phosphomono- 
esterase (10). 

It is evident; from inspection of Table II, that the values obtained for 
end groups by calculation from the titration curves are in fair agreement 
with those obtained by glycol determinations after treatment with phos- 
phomonoesterase. Furthermore, both of these values approach those ex- 
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pected for a straight chain rather than one branched through triester 
phosphate. Our results provide no information regarding possible branch- 
ing from carbon 2 of ribose. 


DISCUSSION 


The results show that the RNA preparations we have examined are 
nucleotide polymers averaging seven to sixteen nucleotides (molecular 
weight 2200 to 5500). Because of the great variety of conditions used in 
the preparation and fractionation of samples, it is difficult to compare our 
values with those obtained by others with physical methods. When dif- 


TaB_Le II 


Comparison of End Group Determinations in Various RNA Samples with 
Values Calculated for Straight and Branched Chains 


End groups (per cent of total P) 
penne No of nucleotides Calculated from Column 2 Found 

Straight chain | 1 branch via 

sibose | >” | monoesteraset 
(1) (2) (3) (4) (S) (6) 
Yl 8.0 12.5 25.0 12.7 7.3 
Y2 15.7 6.4 12.8 4.7 5.6 
Y3 7.3 13.7 27.4 15.0 14.4 
Pi 9.8 10.2 20.4 10.4 9.5 
P2 7.8 12.8 25.6 9.9 10.4 

* See Fig. 1. 


t Calculated according to Seraidarian (9) from the titration curve.‘ 
t Glycol groups determined according to Schmidt et al. (10). 


fusion methods were used for the determination of molecular weights, 
values of 10,300 to 23,250 were obtained for unfractionated samples of 
veast RNA (13, 14). Owing to the fractionation procedure (6) used in 
the preparation of Samples Y1 and Y2, and to the dialysis of all samples 
against strong salt solution, our samples might be expected to have higher 
molecular weights than the unfractionated starting material. Kunitz 
(15) reported a molecular weight of about 87,000 (240 nucleotides) for a 
sample of commercial RNA, presumably twice precipitated with glacial 
acetic acid. Our samples show molecular weights of much smaller dimen- 
sions. 

The range of molecular weight suggested by our results for RNA speci- 
mens is even lower than that reported by others for the ribonuclease- 
resistant or ‘‘core” fraction of RNA. This result is noteworthy in view 
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of the fact that our preparations were subjected to dialysis against strong 
salt solution, which should result in a greater loss of the smaller fragments 
than the usual procedure of dialysis against water (1). Bacher and Allen 
(16) found molecular weights of 2000 to 6500 (seven to twenty nucleotides) 
by sedimentation studies on “core” specimens. Kunitz (15), using a dif- 
fusion procedure, reported a value of 22,000 (65 nucleotides) for yeast 
RNA “core” fractions. 

The agreement between the values for terminal nucleotides as calculated 
for an unbranched structure and those determined experimentally by the 
enzymatic and titration methods clearly indicates that none of the samples 
studied in this series is branched via triester phosphate to any measurable 
extent. 

It is recognized that none of the preparations studied represents unde- 
graded “‘native’? RNA. Commercial yeast RNA is subjected during its 
preparation to drastic chemical treatment. The pancreas RNA, although 
prepared in the cold room within a pH range of 4 to 7 (5), was undoubtedly 
degraded by coprecipitated ribonuclease. However, it must be pointed 
out that branching through triester phosphate was suggested by others (3) 
on the basis of studies made on samples similar to those we used. 

In order to secure RNA as the free acid for the sake of determining the 
titratable phosphoryl groups, some workers (3, 9) precipitated the nucleic 
acid with strong mineral acid. In our hands this procedure yielded prepa- 
rations containing considerable quantities of sodium and large amounts of 
the acid anion. We believe our procedure to be more reliable since, in the 
determination of total phosphoryl groups, base already combined with 
phosphate is included. Moreover, correction is made for base present as 
chloride and for acid bound to amino groups. 

The accuracy of this calculation of molecular size is related chiefly to the 
accuracy of the determinations of total phosphate and of total base before 
titration. The latter figure represents about 90 per cent of the titratable 
phosphoryl groups (see Table I). A study of the effect of an error of 2 
per cent (which we believe to be the maximal) in the determination of 
individual items in our formula would influence the final figure for the 
number of nucleotides by a probable 30 per cent for an RNA with nine 
nucleotides. The error will increase with increasing molecular weight, 
and therefore this method as such is not suitable for the determination of 
molecular weights of larger polynucleotides. 

We have taken no account of the possible presence of end groups with 
cyclic phosphate (17). The presence of such groups would have the effect 
of increasing the apparent molecular weight. However, the conclusion 
concerning branching through triester phosphate is not affected. 
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SUMMARY 


1. A method is described for the determination of the total titratable 


phosphoryl groups of ribonucleic acid (RNA) samples. 


2. An equation is developed for the calculation of the number of nucleo- 


tides per molecule of RNA, based on the molar concentration of total ti- 
tratable phosphory! groups and total phosphate. 


3. The determination of the molecular weights of different partially de- 


graded RNA samples is reported, the results varying from seven to sixteen 
nucleotides per molecule. 


4. Branching through triester phosphate is excluded in the samples 


studied. 
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NOTE ON THE PREPARATION OF PROSTATIC PHOSPHO- 
MONOESTERASE FREE FROM RIBONUCLEASE 


By STANLEY E. KERR anp FRANZ CHERNIGOY. 


(From the Department of Biological Chemistry, American University of Beirut, 
Betrut, Lebanon) 


(Received for publication, March 22, 1957) 


In a study of the molecular size of ribonucleic acid (RNA), determina- 
tion of the proportion of terminal to total nucleotide became necessary (1). 
For this purpose phosphomonoesterase uncontaminated with ribonuclease 
was prepared by the procedure described below. 

Procedure—Hypertrophic prostate tissue is homogenized with 5 volumes 
of water and allowed to autolyze at room temperature for 24 hours, with 
toluene as preservative. After centrifugation, 30.4 gm. of ammonium 
sulfate are added gradually with stirring to each 100 ml. of the supernatant 
fluid, thus bringing it to 0.4 saturation and a pH of about 4.1. The cen- 
trifuged precipitate is discarded. The addition of more ammonium sulfate 
to 0.6 saturation (15.2 gm. per 100 ml. of original extract) precipitates the 
phosphomonoesterase, together with some ribonuclease. The precipitate 
is collected in the centrifuge, dissolved in a volume of water equal to one- 
fourth the weight in gm. of the prostate tissue used, then placed in Visking 
sausage casing and dialyzed against distilled water. The sediment which 
separates is removed by centrifugation. 

Precipitation of the phosphomonoesterase is next accomplished by the 
gradual introduction of ammonium sulfate to a concentration of 0.6 satura- 
tion. The required amount (45.6 gm. per 100 ml. of solution) is placed in 
a small cellophane sac immersed in the extract and rotated slowly until the 
salt is dissolved. The precipitated protein is collected by centrifugation, 
dissolved in water, and dialyzed free of ammonium sulfate. The process 
of precipitation by diffusion of ammonium sulfate through cellophane is 
repeated. Three such precipitations suffice to render the extract prac- 
tically free from ribonuclease in the following test. 

A 5 ml. portion of the purified prostate extract was held at 100° for 20 
minutes to inactivate enzymes other than ribonuclease. The precipitated 
protein was removed, and the supernatant fluid was mixed with an equal 
volume of 1 per cent solution of “high polymer” RNA prepared from com- 
mercial yeast nucleic acid by the method of Chantrenne (2). After incu- 
bation for 3 hours at 37° the unhydrolyzed RNA was precipitated by the 


1The adjustment of the pH to 4 alone precipitates a large amount of inactive 
protein. The addition of ammonium sulfate accomplishes the same purpose. 
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addition of 2.5 ml. of MacFadyen’s reagent (3). The entire supernatant 
fluid contained 0.125 mg. of total phosphorus. In a control experiment 
with water substituted for the prostate extract, 0.05 mg. of phosphorus 
failed to precipitate with MacFadyen’s reagent. The difference (0.075 
mg.) represents RNA phosphorus (out of a total of 4.22 mg.) rendered 
soluble by the inactivated enzyme solution. Although this represents 
1.77 per cent of the RNA phosphorus, the amount of enzyme solution used 
for this test was 100 times that used in experimental work for end group 
determinations on RNA, and the time of incubation was 3 times as great. 

The phosphomonoesterase solutions thus prepared and preserved at 5° 
with toluene or chloroform retained high activity for 6 to 9 months. <Ac- 
tivity measurements were made with adenosine 3-phosphate as substrate,’ 
buffered at pH 5.4, with varying amounts of enzyme. ‘The highest activity 
was found when 1 ml. of 1:1000 diluted enzyme, 1 ml. of 0.2 m acetate 
buffer (pH 5.4), and 5 umoles of adenosine 3-phosphate, total volume being 
4 ml., were incubated at 37° for 1 hour. The addition of 1 ml. of 20 per 
cent trichloroacetic acid stopped enzyme action, and inorganic phosphate 
was determined on an aliquot of the protein-free filtrate (4). 

It is convenient to express units of activity in terms of micromoles of 
phosphorus liberated per hour per ml. of the enzyme solution, since this 
permits a quick estimate of the amount of enzyme required for various 
samples of substrate.2 A typical preparation, when brought to a volume 
in ml. equal to gm. of prostate used, had an activity of 3400 units per ml. 
and a protein nitrogen of 1 mg. per 4320 units. 

It is recognized that these preparations are relatively crude. However, 
they serve well for the determination of end groups in nucleic acid and 
have the advantages of ease of preparation and high stability, whereas 
highly purified preparations (6) are relatively unstable. 


SUMMARY 


A method is described for the preparation from hypertrophic prostate 
of a stable solution of phosphomonoesterase uncontaminated with ribo- 
nuclease which is suitable for the determination of the relative proportion 
of terminal nucleotide to total nucleotides in ribonucleic acid samples. 
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KETOPANTOATE FORMATION BY A HYDROXYMETHYLATION 
ENZYME FROM ESCHERICHIA COLI* 


By E. NELSON McINTOSH,t M. PURKO,{ ann W. A. WOOD 


(From the Laboratory of Bacteriology, Department of Dairy Science, 
University of Illinois, Urbana, Illinois) 


(Received for publication, March 25, 1957) 


Kuhn and Wieland (1) observed the reduction of a-keto-8 ,8-dimethyl- 
y-hydroxybutyrolactone to pantoyl lactone by yeast and postulated that 
a-ketoisovalerate (derived from valine by deamination) and ketopantoate 
were intermediates in pantothenate synthesis. Maas and Vogel (2) dem- 
onstrated the role of a-ketoisovalerate as an intermediate in pantothenate 
synthesis with mutants of Escherichia coli and Aerobacter aerogenes and 
suggested that this keto acid synthesized de novo, rather than valine, is 
the precursor of ketopantoate. From nutritional studies in this labora- 
tory with a strain of Bacterium linens which requires either pantothenate 
or p-aminobenzoate (PABA) for growth (3, 4), the following evidence was 
obtained that a-ketoisovalerate is converted to ketopantoate and that 
PABA or a derivative thereof is required in the reaction (5): (a) p-amino- 
benzoate abolishes the pantothenate requirement, (b) pantothenate, 
pantoate, and ketopantoate reverse sulfanilamide inhibition non-compet- 
itively, whereas a-ketoisovalerate does not, and (c) p-aminobenzoate- 
grown cells contain pantothenate. In these experiments pantoate and 
ketopantoate replaced pantothenate for growth, whereas a-ketoisovalerate 
did not. These observations implicate PABA (or its derivatives) in a 
hitherto unrecognized biochemical reaction, namely the hydroxymethyla- 
tion of a-ketoisovalerate to ketopantoate. 

Although the chemical condensation of formaldehyde with a-ketoiso- 
valerate under alkaline conditions has been reported (1), the postulated 
enzymatic hydroxymethylation of a-ketoisovalerate to form ketopantoate 
has not been demonstrated. Thus in order to investigate further the role 
of PABA, the condensation reaction between a-ketoisovalerate and formal- 
dehyde was sought in cell-free extracts. 

Enzyme preparations from B. linens which would form ketopantoate 


* This research was supported by grants-in-aid from the University of Illinois 
Research Board. A preliminary account of this research was presented at the an- 
nual meeting of the Society of American Bacteriologists, New York, May, 1955. 

t Present address, Food Processing Laboratory, Department of Home Econom- 
ics, lowa State University, Ames, Iowa. 

t Present address, Kraft Foods Company Research Laboratories, Glenview, Illi- 
nois. 
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from these substrates possessed very low activity. However, in partial 
support of the conclusions reached with B. linens, an enzyme preparation 
has been obtained from £. coli which condenses a-ketoisovalerate and 
formaldehyde to form ketopantoate. Although preliminary data with 
crude extracts revealed a stimulation of the reaction rate with a metal ion, 
tetrahydrofolic acid, and amino acids (6), only a metal ion requirement 
was demonstrated with purified preparations. 


Methods 


Bacteriological—The Crookes strain of FE. coli (ATCC 8739) was grown 
in a mineral medium containing 0.15 per cent of KH2PQO,, 1.35 per cent 
of NazHPO,, 0.02 per cent of MgSO,-7H:2O, 0.2 per cent of NH,Cl, 0.001 
per cent of CaCl,, 0.05 mg. per cent of FeSO,-H.O, and 0.4 per cent of 
glucose (7). The glucose was sterilized separately and added aseptically 
to the sterilized mineral components. After a 7 per cent inoculation 
(grown in a complex medium containing yeast extract and tryptone) (8), 
and incubation for 5 hours at 37° with vigorous aeration, the cells were 
harvested by centrifugation, washed with water, and dried in vacuo. The 
yield was 1 to 1.5 gm. dry weight per liter of medium. 

Ketopantoate was determined on aliquots of the reaction mixture by 
microbiological assay, essentially as described by Maas and Davis (9), by 
using a mutant of L. coli (W-3) obtained from Maas and Vogel (2). This 
strain responds to ketopantoate but not to its precursor, a-ketoisovalerate. 
The medium was placed in tubes in 7 ml. amounts to avoid wetting the 
plugs during incubation at an angle on a shaker. As shown in Fig. 1, the 
growth in 15 hours as a function of ketopantoate concentration was sig- 
moidal rather than linear. Attempts to linearize the growth response by 
altering the composition of the medium and the growth conditions were 
unsuccessful. There was, however, an essentially linear region between 
0.04 and 0.065 y of ketopantoate per ml. Suitable dilutions (five or six) 
were made so that growth response in one dilution fell in this region. Ali- 
quots of reaction mixtures were diluted 100- and 1000-fold; then aliquots 
of the dilutions (0.1 to 1 ml.) were added directly to the microbiological 
assay tubes just prior to autoclaving. When large amounts of crude ex- 
tract were used and undiluted samples were assayed microbiologically, 
insoluble material was removed by centrifugation or by a combination of 
steaming and centrifugation. 

Chemical—A_ stock solution of formaldehyde was prepared from para- 
formaldehyde by the method of Boyd and Logan (10). Potassium a- 
ketoisovalerate! was prepared from acetone and hippuric acid by the 


1 We are indebted to Dr. I. C. Gunsalus for generous supplies of potassium a-keto- 
isovalerate and ketopantoy] lactone. 
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method of Ramage and Simonson (11). Tetrahydrofolic acid was pre- 
pared by reduction of folic acid in glacial acetic acid with platinum oxide 
according to the procedure of Broquist ef al. (12). The hydrogenated 
product was neutralized with potassium carbonate under an atmosphere 
of nitrogen and diluted with oxygen-free water for use. Ketopantoyl 
lactone! was prepared by the procedure of Lipton and Strong (13). 
Determinations—The a-keto acids were estimated either by the direct or 
the double extraction methods of Friedemann and Haugen (14). Form- 
aldehyde was determined according to the chromotropic acid method of 
Boyd and Logan (10). Protein was determined by the method of Lowry 
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Fig. 1. Growth of Z. coli, mutant W-3, as a function of ketopantoate concentra- 
tion. 


etal. (15). Radioactivity of the enzymatically formed ketopantoate was 
estimated on aliquots at infinite thinness on a 1.76 sq. cm. disk by pro- 
portional counting methods. 

Enzymatic Assay—The rate of enzymatic condensation of formaldehyde 
and a-ketoisovalerate was determined from the rate of ketopantoate for- 
mation. The 1 ml. reaction mixtures contained 25 uwmoles of Veronal 
buffer, pH 7.9, 40 to 80 umoles of potassium a-ketoisovalerate, 15 to 45 
umoles of formaldehyde, 10 umoles of MnCle, and 0.01 to 0.05 ml. of puri- 
fied enzyme (10 to 40 y of protein). The mixtures were incubated at 
37° for 1 to 4 hours, and ketopantoate was determined by microbiological 
assay of aliquots. A unit of enzyme is defined as the amount of enzyme 
forming 1 mg. of ketopantoate in 2 hours under the above conditions. 
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Results 


Repeated attempts to demonstrate ketopantoate formation with dried 
cells and cell-free extracts of B. linens were largely unsuccessful. Ex. 
tracts of F. coli, however, contained an enzyme which catalyzed a reaction 
which was dependent upon the presence of both formaldehyde and a-keto- 
isovalerate. The condensation product supported growth of EF. coli, 
mutant W-3. The reaction velocity was stimulated by the addition of 
tetrahydrofolic acid, a divalent metal ion, and to a lesser extent by glu- 
tathione, methionine, and tryptophan (6). These observations suggested 
that ketopantoate synthesis involved a complex system and that reactions 
analogous to the tetrahydrofolic acid-dependent hydroxymethylation of 
glycine to form serine, reported by Kisliuk and Sakami (16), might be 
involved. 


TABLE I 
Purification of Hydrorymethylation Enzyme from E. coli 
Purification step Total units (Specific activity* | Purification 

fold 

07°, § min. supermatant.................... 603 5.20 7.4 

Protamine supernatant.................... 547 9.30 13.3 

0.50-0.75 saturated (NH4).SO,4 ppt........ 510 25.2 36.0 


* Mg. of ketopantoate formed per 2 hours per mg. of protein. 


Enzyme Purification—In order to define further the enzymatic steps 
and the role of cofactors in this condensation, enzyme purification was 
undertaken. The yields and purification obtained in one trial are given 
in Table I. 

Extraction—4 gm. of vacuum-dried cells were suspended in 100 ml. of 
cold distilled water and subjected to sonic vibration at 10 ke. for 20 min- 
utes. Cellular debris was removed by centrifugation at approximately 
8000 X g. The supernatant solution contained 1854 units with a specific 
activity of 0.74 unit per mg. of protein. 

Heat Treatment—The crude extract was dispensed in 10 ml. amounts 
in 12 ml. conical centrifuge tubes and placed in boiling water until the 
temperature rose to 95-97°. After 1 minute in this temperature range, 
the tubes were cooled under running tap water, and the coagulated protein 
was removed by centrifugation. The supernatant solution contained 32 
per cent of the original activity. The specific activity had increased over 
7-fold. The recovery in this step in succeeding preparations varied between 
50 and 100 per cent. 
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Protamine Precipitation—To each 100 ml. of the supernatant solution, 
10 to 15 ml. of protamine sulfate (20 mg. per ml. adjusted to pH 5.0 with 
dilute sulfuric acid) were added. The precipitate which formed imme- 
diately was removed by centrifugation at approximately 22,000 x g. 
Essentially all of the activity remained in the supernatant solution. The 
ratio of optical densities at 280 and 260 my was approximately 0.50. At 
this stage, the enzyme could be inactivated by heating in boiling water. 

Ammonium Sulfate Precipitation—To each 100 ml. of the supernatant 
solution, 29.1 gm. of ammonium sulfate (0.5 saturation) were added slowly 
with stirring. The precipitate was collected by centrifugation at approx- 
imately 8000 X g and discarded. To each 100 ml. of the supernatant 
solution, an additional 18.5 gm. of ammonium sulfate (0.75 saturation) 
were added. The precipitate was collected by centrifugation at 8000 X g, 
dissolved in 7.5 ml. of distilled water, and dialyzed overnight against dis- 
tilled water before assay. The 280:260 ratio was 1.19. This preparation 
had a specific activity of 25 and was about 36-fold purified over the crude 
extract. In succeeding fractionations adsorption on calcium phosphate 
gel and elution with phosphate buffer afforded further purification. How- 
ever, most of the studies reported below were performed with preparations 
described. 

Properties of Hydroxymethylation Enzyme—The stability of the enzyme 
to heating is not clearly understood. The crude extract retained a large 
proportion of its activity upon being boiled for 5 minutes. After protamine 
treatment and dialysis, activity was lost during the same heat treatment. 
However, the ammonium sulfate fraction diluted in water withstood 97° 
for 20 minutes. In view of the initial heat stability, additional experi- 
ments were conducted with the crude preparation to demonstrate that 
the reaction was enzyme-catalyzed. It was found that the ketopantoate- 
forming activity could be destroyed completely by trypsin digestion or by 
acid hydrolysis of the crude extract. In addition, casein or bovine serum 
albumin, as well as enzyme digests of these proteins, did not catalyze keto- 
pantoate formation from formaldehyde and a-ketoisovalerate. These 
experiments demonstrated that the condensation was enzyme-catalyzed 
and not caused by amino acids, peptides, or other materials present in the 
extract. 

In assays conducted for 2 or 3 hours, the velocity also was proportional 
to enzyme concentration between 10 and 30 to 40 y of protein (Fig. 2). 
Similar, though more erratic, results were obtained with the crude prep- 
arations. 

pH Optimum—tThe effect of pH upon the reaction velocity is shown in 
Fig. 3. The optimum pH in sodium diethyl barbiturate (Veronal, buffer 
(17) is 7.8 to 8.0. The rate of ketopantoate formation dropped markedly 
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above pH 8 and more gradually on the acid side. As shown by the lower 
line, a spontaneous chemical condensation of formaldehyde and a-keto. | 
isovalerate did not occur in the range pH 6.0 to 8.7. Above pH 9, however, 
the spontaneous reaction is rapid. The shaded area shows the pH region 
in which these studies were made. In contrast to Veronal, tris(hydroxy- 
methyl)aminomethane buffer, glycylglycine, potassium phosphate, and 
glycerol phosphate buffers were inhibitory. This inhibition may be due 
to binding of required metallic ions. 


KE TOPANTOATE FORMA TION — PURIFIED ENZYME 
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Fic. 2. Ketopantoate formation by the partially purified hydroxymethylation 

enzyme. The reaction mixture contained 45 uwmoles of formaldehyde, 80 uwmoles of 

a-ketoisovalerate, 10 umoles of MnCl2, 25 umoles of Veronal buffer, pH 7.9, and 10 

to 80 y of enzyme protein as indicated. Aliquots were removed for ketopantoate 
determinations at the times indicated. 


Substrates—The effect of substrate concentration upon the reaction 
velocity is shown in Fig. 4. When either a-ketoisovalerate or formaldehyde 
was omitted, ketopantoate formation was not observed. In the presence 
of 40 umoles of a-ketoisovalerate, formaldehyde saturation was obtained 
with 25 to 30 umoles per ml. In the presence of 45 uwmoles of formalde- 
hyde, ketopantoate formation increased through 100 ywmoles of a-keto- 
isovalerate per ml. Although not shown on Fig. 4, with 200 umoles of 
a-ketoisovalerate, 1.433 mg. of ketopantoate were formed in 2 hours. 
Thus, the concentration of a-ketoisovalerate necessary for maximal veloc- 
ity has not been found. 

The enzyme appears to be specific for both substrates. When pyruvate 
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was substituted for a-ketoisovalerate, condensation, as measured by pyru- 
vate disappearance (18), did not occur. Hence, this hydroxymethylation 
enzyme appears to differ from that reported by Hift and Mahler (18) and 
by Mitchell and Artom (19) which utilizes pyruvate as a formaldehyde 
acceptor. 


KETOPANTOATE SYNTHESIS 
EFFECT OF SUBSTRATE CONC. 
oc -KETOISOVALERATE | 
. (HCHO=45 uM/ ML.) 
] OPTIMUM pH FOR 3 | 
375] KETOPANTOATE SYNTHESIS} 600 
| 
WwW 
300 | 
| 4 ° 
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ad 
w/o ENZYME, 
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Fic. 3. The optimal pH for ketopantoate synthesis. The conditions are the 
same as those in Fig. 2, except that 40 wmoles of a-ketoisovalerate, 15 umoles of 
HCHO, and 25 y of enzyme protein were used. The pH of the buffer was as indi- 
cated. The incubation time was 3 hours. 

Fic. 4. The effect of formaldehyde and a-ketoisovalerate concentration upon 
the rate of ketopantoate formation. The conditions are as in Fig. 2, except that 
the substrate concentrations were altered as indicated. 


The ability to form hydroxymethyleytosine by condensation of formal- 
dehyde and cytosine was tested by incubating these substrates and chro- 
matographing the reaction mixture on paper with propanol-ammonia- 
water solvent (20). This solvent widely separated cytosine (RP, 0.38) and 
hydroxymethyleytosine (Ry = 0.25) (20). A sole spot at Ry 0.38 was 
found which upon elution from the paper with water had an ultraviolet 
absorption maximum at 265 my which is characteristic of cytosine rather 
than hydroxymethylcytosine. 
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A similar experiment attempting to substitute acetaldehyde for formal- 
dehyde was carried out. The condensation product, presumably inactive 
in the microbiological assay, could have been detected in less than 10 
amounts by paper chromatography for keto acids described by Umbarger 
and Magasanik (21). However, after spraying with semicarbazide reagent 
only a-ketoisovalerate was present (acetaldehyde volatilizes). Since large 
enough aliquots of reaction mixtures were chromatographed to allow detec- 
tion of less than 5 per cent condensation, it was concluded that the con- 
densation rate with acetaldehyde is very slow or non-existent. 


KETOPANTOATE SYNTHESIS 
ACTIVATION BY METAL IONS 


KETOPANTOATE MG./ML. 


METAL CONCENTRATION yM/ML. 

Fic. 5. The effect of cobalt, manganese, and magnesium ion concentration upon 
the rate of ketopantoate synthesis. The conditions are as in Fig. 2, except that 40 
umoles of a-ketoisovalerate were used. The metal ion concentrations were as indi- 
cated. 


Activators—The ability to form ketopantoate is lost completely by 
dialysis against Versene, by treatment with Dowex 50, or by ammonium 
sulfate precipitation. The activity is restored fully by the addition of one 
of several divalent ions. Activation of the purified preparations by Co**, 
Mn, and to a lesser extent by Mg** is shown in Fig. 5. Maximal activ- 
ity with cobalt was obtained with 5 wmoles per ml. With higher con- 
centrations there was an abrupt decrease in response. Manganese activa- 
tion was 75 per cent of that obtained with cobalt and displayed a broader 
optimum at about 10 wmoles per ml. Nit++ was nearly as active as cobalt, 
whereas Mgt+ and Fet++ were only slightly effective. In the presence of 
cobalt ions, the addition of tetrahydrofolic acid (0.01 umole), methionine, 
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glutathione, and tryptophan alone or in combination did not increase the 
reaction velocity. Vitamin By, did not replace the metal requirement. 

Reversibility—Although the equilibrium point of the reaction, starting 
with a-ketoisovalerate and formaldehyde, has not been determined, ex- 
periments to demonstrate the reverse reaction have been performed. 
When 34 umoles of ketopantoate or ketopantoyl lactone were incubated 
with 0.3 unit of enzyme over a 6 hour period, the appearance of formalde- 
hyde could not be detected. Similar results were obtained with 100 umoles 
of ketopantoate and 2 units of enzyme. Since as little as 0.5 umole of 
formaldehyde could have been detected, the reverse reaction must proceed 
to the extent of less than 1 per cent. Attempts to reverse the reaction to 
a measurable degree with dimedon and sodium bisulfite as formaldehyde- 
trapping agents were unsuccessful. However, the inability to reverse the 
reaction with these agents may be due to adverse effects upon the enzyme. 
The lack of formaldehyde formation in the reverse reaction suggests that 
the condensation proceeds essentially to completion. 

Reaction Product—E. coli, mutant W-3, is blocked in the biosynthesis of 
pantothenate at a point at which growth can be obtained with pantoate 
or ketopantoate but not with a-ketoisovalerate (2). Since the enzymat- 
ically formed product of formaldehyde and a-ketoisovalerate condensation 
supports the growth of this mutant, it is considered that ketopantoate or 
pantoate was produced. The specificity of this organism as an analytical 
tool was increased by its use in bioautographic analysis of paper chromato- 
grams of reaction mixtures. Chromatography of reaction mixtures in 
water-saturated sec-butanol-propionic acid (95:5) (21) revealed a spot 
(detectable as growth of the Z. coli mutant and by semicarbazide and 
2,4-dinitrophenylhydrazine sprays) at Ry, 0.81. The authentic keto- 
pantoic acid reference spot exhibited an R, of 0.83, whereas the Ry of the 
a-ketoisovalerate standard (detected with semicarbazide) was 0.55. The 
fact that the same area gave growth and a carbony! reaction is consistent 
with the spot being ketopantoate or ketopantoyl lactone. From this test 
it was impossible to determine whether the lactone was formed either en- 
zymatically or during chromatography in the acidic solvent. 

Chromatography of reaction mixtures on silicic acid (22) produced two 
peaks, the first of which contained both microbiological activity and a 
keto acid, and the second, a keto acid without biological activity. The 
latter peak was identified as a-ketoisovalerate (Fig. 6). The microbio- 
logical activity and the keto acid content of the first peak approximately 
coincide. Chromatography of a reaction mixture in which HC“HO was 
used as a substrate gave a peak of radioactivity which approximately 
coincided with the peak of microbiological activity and keto acid content.? 


? We wish to thank Dr. H. G. Wood for the gift of formaldehyde-C™. 
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Distribution—Ketopantoate formation from a-ketoisovalerate and form- 
aldehyde was also demonstrated in dried cells of Acetobacter suboxydans, 
NRRL B72, Corynebacterium creatinovorans, ATCC 7562, and to a slight 
extent in Lactobacillus arabinosus, ATCC 8041. The enzyme could not 
be detected in Streptococcus faecalis, ATCC 8043, Pseudomonas fluorescens, 
A.3.12, Bacillus subtilis, ATCC 9945, Proteus vulgaris, 9484, and Micro- 
bacterium lacticum, ATCC 8181. In addition, activity could not be de- 
tected in dried brewers’ yeast, rat liver homogenates, or rat liver mito- 
chondrial preparations. 


CHROMATOGRAPHIC IDENTIFICATION OF 
CONDENSATION REACTION PRODUCT 


1.80}. -------- HCCI, -------- -HCC1, -BuOH (90: 10)= 
1.00 c= 2,4 di-NO,-Q@-HYDRAZONE 
= 
O75 « - KETOISOVALERATE 
me 
= KETOPANTOATE 
= 050 
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Fic. 6. Chromatographic identification of hydroxymethylation reaction product 


DISCUSSION 


The hydroxymethylation enzyme catalyzes the following reaction: 


CH; O CH; O 
Met+ 
HCHO + H—C——C—COOH ——— HOCH,—C——-C—COOH 
CH; CH; 
Formaldehyde  a-Ketoisovalerate Ketopantoate 


which is similar to an enzyme in beef heart preparations studied by Hift 
and Mahler (18) and in rat liver reported by Mitchell and Artom (19) 
except that a-ketoisovalerate rather than pyruvate is the formaldehyde 
acceptor. Another similar formaldehyde condensation requiring dihy- 
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droxyacetone phosphate as the acceptor has been investigated by Chara- 
lampous (23). All of these reactions resemble the Claison condensation 
in that condensation occurs adjacent to a functional group and on a carbon 
with a dissociable or active hydrogen atom. 

Since cofactor requirements have not been demonstrated for these re- 
actions, there is no indication that a folic acid-containing coenzyme or a 
('-1-transferring system is involved. It is thus concluded that a direct 
hydroxymethylation at least in some cases does not involve a C-1-trans- 
ferring coenzyme. A transhydroxymethylation system, 7.e. serine + a- 
ketoisovalerate — glycine + ketopantoate, may require a folic acid-con- 
taining transfer system. 

The nutritional data obtained with B. linens, which prompted this 
investigation, indicate that folic acid (7.e. PABA) is involved in keto- 
pantoate synthesis. Although the hydroxymethylation enzyme reported 
in this study does not appear to require a folic acid cofactor, it is likely 
that a transhydroxymethylation reaction requiring a folic acid coenzyme 
and utilizing a hydroxymethyl group donor and a-ketoisovalerate as an 
acceptor functions in B. linens. 


SUMMARY 


An enzyme has been purified 36-fold from Escherichia coli extracts 
which catalyzes the condensation of a-ketoisovalerate and formaldehyde 
to form a compound with pantothenate activity for #. coli, mutant W-3. 
The reaction velocity is dependent upon time, pH of the reaction (optimal 
pH 8), the concentrations of formaldehyde, a-ketoisovalerate, divalent 


ion, and the enzyme. 
The reaction product has been identified microbiologically, chromato- 


graphically, and by the solubility of its 2,4-dinitrophenylhydrazone as 
ketopantoic acid (a-keto-8 ,8-dimethyl-y-hydroxymethylbutyric acid). 
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VIRAL INVASION 


I. RUPTURE OF THIOL ESTER BONDS IN THE BACTERIOPHAGE TAIL* 


By LLOYD M. KOZLOFF,t MURL LUTE, ann KIRSTEN HENDERSON 


(From the Department of Biochemistry, University of Chicago, 
Chicago, Illinois) 


PLATE 1 
(Received for publication, March 11, 1957) 


In 1952, largely as the result of the experiments of Hershey and Chase 
(1), the invasion of Escherichia coli by bacteriophage T2 was given the 
descriptive term “injection.” The virus particle was thought to act as 
a “microsyringe,”’ injecting only its nucleic acid into the host cell. Even 
the limited information then available about the chemical nature of the 
host cell wall and the structure of the virus particle suggested at least four 
separate steps in this process: (a) adsorption of the virus particle to the 
host cell (2); (b) alteration of the virus tail protein so that the nucleic 
acid could later be released from its protective protein covering (3); (c) 
alteration of the host cell wall to permit the entrance of the nucleic acid 
(4, 5); and (d) the release of the nucleic acid from the head protein of the 
virus particle and its passage through the viral tail into the host cell (6-8). 

In 1955, we described briefly the action of complexes of the zine group 
metals on the tail protein of bacteriophage T2 (9). The tail structure was 
drastically altered by the metal complex and the viral nucleic acid could 
be readily released from the protein coat. The biological and chemical 
specificity of the reactions suggested that similar events occurred during 
viral invasion. Evidence that zine does play an important role in the in- 
vasion of host cells by T2 and T4 bacteriophages has now been obtained 
(3). This report is concerned with the chemistry of the action of zinc 
(and cadmium) complexes on the viral tail protein since this reaction 
appears to be a model of one which occurs during invasion. It has been 
found that the metal complexes attack the distal end of the virus tail, 
splitting off a portion of the virus tail protein, and cause a typical mor- 
phological alteration. Based upon similar morphological alterations of the 
virus tail produced by various other treatments, e.g. papain (as a thioles- 
terase), hydroxylamine, peroxide, and thioglycolate, it is concluded that 
the structure of the virus tail is maintained by thiol ester bonds. 


* Aided by grants from the National Foundation for Infantile Paralysis, Inc., and 
the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of Chicago. 
t Studies carried out during the tenure of a Lederle Medical Faculty Award. 
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Methods 


Bacteriophage stocks were grown on F, coli strain B by confluent. lysis 
and were purified (10). A mutant of F. coli resistant to T2rth* bacteri- 
ophage (the wild strain of T2 phage) was isolated from the parent bacterial 
stock and was called B/2. A mutant of the wild type bacteriophage T2 
which could attract bacterial strain B/2 as well as strain B with equal effi- 
ciency was also isolated and called T2rth. The third strain of T2 used in 
these experiments, T2rht+, was also a one-step mutant of the wild type 
phage and differed from the wild type in the size plaques it formed (11), 
The T4r*+ bacteriophage used required L-tryptophan as a cofactor for ad- 
sorption (12). T2 phage presumed to contain S** solely in its cystine resi- 
dues was prepared by growing T2 on a methionine-requiring strain of E. 
coli (strain B-55, courtesy of Dr. J. Gots) in synthetic medium (13) 0.001 m 
in L-methionine and 0.001 mM in MgS*O,. The S*® was obtained from the 
Oak Ridge National Laboratory as S*O, and was counted in an internal 
flow Geiger counter as infinitely thin samples. 

Electron micrographs are taken with an RCA EMU-2 electron micro- 
scope. Samples were sprayed on grids coated with collodion or formvar, 
air-dried, and then shadowed with chromium. 


Results 
Inactivation of T2 Bacteriophage by Complexes of Zinc Group Metals 


Although 0.01 Mm ZnNOsz does not affect T2 bacteriophage, the addition 
of various compounds to the test system containing T2, Zn**, and pH 7.5 
tris(hydroxymethyl)aminomethane (Tris) buffer resulted in inactivation 
of the phage.’ The following list of substances, which by themselves do 
not affect T2, in the presence of Zn+*+ caused at least 50 per cent inactiva- 
tion after 20 hours at 35°: 0.01 m glycine, glutamate, leucine, 0.2 per cent 
trypsin, chymotrypsin, and gelatin. However, ethylenediaminetetra- 
acetic acid (EDTA) in the presence of Zn**+ did not inactivate T2. Since 
EDTA binds all the coordinate bonds of Zn**, it seemed that the Zn** 
must be partially but not completely chelated to an anion if it were to in- 
activate T2. It was then found that (CN~) was the most effective che- 
lating agent, and at 25° and pH 8.0 over 90 per cent of the T2 was inacti- 
vated within 1 hour in the presence of 0.03 mM NaCN and 0.01 M ZnSO. 

Cyanide complexes of the other two members of the zinc group metals, 
Cd+* and Hg**, were about as active as zinc complexes in causing the 


1 The observation that complexes of Zn** inactivate T2 was made in 1954 by 
L. M. K. when he was supported as a Fellow of the Commonwealth Fund in the 
laboratory of C. B. van Niel at the Hopkins Marine Station, Pacific Grove, Cali- 
fornia. 
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inactivation of T2. Iodide complexes of Cd*+* and Hg** also inactivated 
T2. This type of inactivation of T2 was limited to the Zn group metals 
since cyanide complexes of Mn++, Nit*, Cott, Fett, Fett*, Cut, and 
Cut++ did not affect T2 phage. | 

Four species of complexes, 7.e. Zn(CN)+t, Zn(CN), Zn(CN)s-, and 
Zn(CN)s, are formed when NaCN is added to a solution containing 
ZnuNO;. Since the dissociation constants for the zinc cyanide complexes 
are not known, although the corresponding constants for the cadmium 
complexes have been determined (14), most of the experiments reported 
in this paper were made with cadmium cyanide complexes. In all respects, 
the action of cadmium complexes appeared to be similar to those of Zn. 

The rate of T2r*+ inactivation was measured as a function of the concen- 
tration of the different cadmium cyanide complexes. The relationship 
between [CN~-] and the concentration of the different complexes at a con- 
stant Cd*+*+ concentration was calculated from the data of Bjerrum (14) 
and is shown in Text-fig. 1. Four solutions were prepared as indicated 
which had relatively high concentration of the different complexes. The 
action of these four different complexes (as well as free Cd++ and CN-) on 
T2r* is shown in Text-fig. 2. 

A comparison of the concentrations of the different complexes (Text- 
fig. 1) and Text-fig. 2 shows that the Cd(CN);~ and possibly the Cd(CN)» 
complexes inactivate T2 although Cd(CN)*+ and Cd(CN), appear to have 
little or no activity. In subsequent experiments the relative rates of phage 
inactivation were compared by assuming that the rate of inactivation was 
proportional to the reciprocal of the time (in minutes) for 40 per cent inac- 
tivation. This value was used because it minimizes errors due to phage 
assays and allows the inclusion of experiments in which only a small frac- 
tion of the virus was inactivated. 


Site of Action of Cadmium Cyanide Complexes 
on Bacteriophage Particle 


Properties of Cadmium Cyanide-Treated T2r*+ Bacteriophage—Prepara- 
tions of T2r+ treated with cadmium cyanide not only lose their ability to 
reproduce (i.e., they do not form plaques in the assay system) but also do 
not kill the host cell or attach to them. When preparations of S**-labeled 
T2r+ are treated with Cd(CN)3-, washed, and then mixed with large 
amounts of host cells, very little S** sediments with the host cells. These 
results suggest that the virus tail, which is the organ for attachment and 
for killing the host cell, is altered by the cadmium cyanide complex. 
Earlier electron micrographs of T2r+ phage inactivated by zine cyanide 
complexes showed that the distal half of the virus tail was removed in the 
reaction (9). Fig. 1 shows four T2rt particles which have been treated 
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with Cd(CN);~ which illustrate the morphological changes in the virus in 
more detail. The heads of the virus particles appear intact but most of 
the distal tail structure has been removed. The great majority of the 
particles have tails which are 50 + 5 per cent (average of 60 measure- 
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Text-Fia. 1. Relationship between the concentration of [CN~] and the formation 
of various cadmium cyanide complexes when the total Cd** is fixed at 0.01 m and the 
pH at 7.0 (calculated from data of Bjerrum (14)). The letters indicate composition 
of solutions made up to inactivate T2. In these solutions anions such as Cl~ which 
bind Cd** were avoided. Cadmium nitrate was used and HNO; was used to lower 
the pH to 7.0. Sufficient extra [|CN~] was added (to form HCN) in addition to that 
indicated above so that even after the pH was lowered the free [CN~] was that given 
above. The HCN and [CN-] buffered these solutions quite adequately. Before 
being mixed with phage, the metal complex solution contained 0.17 m NaNOs, 0.001 
M Mg(NOQO3)e, and the metal complexes at 11/10 of the concentration calculated. For 
example, solution C contained 0.011 m Cd(NQO;)2 and 0.055 m NaCN. 0.1 ml. of the 
phage suspension in 0.9 per cent NaCl plus 0.001 m MgSO, was added to 1.0 ml. of 
the solution containing the metal complexes. 


ments) of the normal length and which are about 30 per cent thicker than 
untreated phage particles. In a small fraction of the altered particles 
(about 10 to 15 per cent) a spike protrudes from the center of the altered 
tail (see phage particle in the lower right hand corner, Fig. 1). Similar 
spikes protruding from the shortened tails of T2 and T4 phage treated 
with H,O:2 were first observed by Kellenberger and Arber (7). 
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Specificity of Action of Cadmium Cyanide on Various Bacteriophages and 
Site of Attack on Virus Tail Protein—The effect of cadmium cyanide com- 
plexes on the various T bacteriophages at 25° is shown in Text-fig. 3. 
Under the conditions of this experiment only T2 phage was inactivated. 
It should be noted that T2rth (the T2 mutant which can invade host 
cell strain B/2) was inactivated much more slowly than T2rtht or T2rht*, 
both of which were inactivated at almost the same rate. It is apparent 
that the change in the h locus affected the sensitivity of phage to inactiva- 
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Text-Fiac. 2. Inactivation of T2 by solutions containing different concentrations 
of the various cadmium cyanide complexes. The letters correspond to those used in 
Text-fig. 1. pH = 7.0, temperature = 25°, Mg*tt = 0.001 M, ionic strength = 0.21. 
The reaction was stopped by adding 5 volumes of 0.04 m EDTA. 


tion by these metal complexes, while the change in the r locus did not affect 
the rate at which the virus was inactivated. As the genetic evidence 
indicates that a change in the h locus affects only the structure of the pro- 
tein at the distal tip of the virus tail, it may be concluded that the distal 
tip of the virus tail is the site of action of the metal complex. 

It was found that at higher temperatures Cd(CN);~ would inactivate 
both T4 and T6, the two phages which are closely related to T2. After 1 
hour at 37°, T2 was 99.8 per cent inactivated, T4 93 per cent inactivated 
(and only in the presence of L-tryptophan), and T6 only 35 per cent inac- 
tivated. At 44° T4 phage was slowly inactivated by Cd(CN);- even in 
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the absence of L-tryptophan but was very rapidly inactivated in the 
presence of L-tryptophan (Text-fig. 4). p-Tryptophan could not be substi- 
tuted for L-tryptophan at either 37° or 44°. Since L-tryptophan is a spe- 
cific cofactor for T4 adsorption to the host cell, the rapid inactivation of T4 
in the presence of L-tryptophan is additional evidence that the attack of 
the metal complex is on the distal end of the virus tail. Apparently at the 
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Text-F ic. 3. Effect of cadmium cyanide complexes on various bacteriophages. 
0.0062 mM Cd(CN);-, pH 7.0, temperature = 25°, ionic strength = 0.21. The solution 
containing the T4 had a final concentration of 25 y per ml. of L-tryptophan. 


higher temperatures the tail structures of T4 and T6 are sufficiently altered 
so that the Cd(CN);~ can attack the susceptible bonds. 


Nature of Chemical Bonds Broken in Virus Tail Protein by Action 
of Cadmium Cyanide Complexes 


Antigenic Properties of Phage Material Removed by Cadmium Cyanide 
Complexes—The serum-blocking power of cadmium cyanide-treated T2 
phage was determined by the method of DeMars et al. (15). Table I 
shows that Cd(CN);"-treated T2 was as effective as whole T2 in prevent- 
ing the inactivation of subsequently added test virus by anti-T2 serum. 
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Dialyzed Cd(CN);--treated T2 also prevented the inactivation of the test 


“ virus. However, when Cd(CN);--treated T2 was centrifuged and the 
i supernatant fluid discarded, the resuspended altered particles had lost 
most of their ability to prevent the inactivation of test T2 by antiserum. 
of It is apparent that Cd(CN);~ removes material from the virus tail which 
le 
100 
+L-TRYPTOPHAN 
T+ Cd(CN)3 
a OF 
lJ 
be 
w 
e 
= - 
Tat Cd(CN)3 +L-TRYPTOPHAN 
1O 
= 
25 100 
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Text-Fia. 4. Effect of cadmium cyanide complexes on T4r* phage at 44°. L-Tryp- 
tophan was added to a final concentration of 25 y per ml. pH = 7.7, 0.0062 m Cd- 
(CN), ionie strength = 0.21. 


still retains its unique and relatively large structure and which can still 
react with antiserum. 

Certain bonds can be eliminated as possible links between the released 
protein and the rest of the viral structure. The metal complexes do not 
break ordinary peptide bonds, oxygen ether or ester bonds, or phosphate 
ester bonds. Since sulfur bonds are known to link polypeptide chains, 
this possibility was examined and the evidence to be presented is consistent 
with the idea that thiol ester bonds are the main structural links in the viral 
tail. 
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Effect of Cadmium Cyanide Complexes on Compounds Which Contain 
Various Sulfur Linkages—Solutions which contain cadmium cyanide com- 
plexes identical with those used to inactivate bacteriophages T2 and T4 
were tested for their effect on model compounds containing disulfide, thiol 
ester, and thiol ether bonds. Although it has been reported that certain 


TABLE I 

Serum-Blocking Power of Cadmium Cyanide-Treated T2r* 
After the tube contents were incubated for 4 hours at 44°, 107 T2 test particles 
were added and the mixture was incubated for 4 more hours. 


Tube No. Tube contents Titer of test phage 

per cent 
1 Broth* 100 

2 Serumt 0.5 
3 5.0 10'° untreated T 100 
4 2.5 & 72 
5 + 1.0 X 10'° 26 
6 0.5 & 10'° 14 
7 + 0.5 101° 6 
8 5.0 Cd(CN);- T2t 100 
+ 2.5 10'° 90) 
10 + 1.0 X 10'° 40 
11 + 0.5 10'° 24 
12 + 0.2 10'° 6 
13 + 5.0 10!° Cd(CN);- T2 52 
15  +1.0 X 10'° 10 
16 0.5 10! 6 
17 + 0.2 10!° 1 


* Broth contained 0.02 mM EDTA and 10 y per ml. of streptomycin. 

t Final dilution in broth 1:23,000. 

} T2 treated with Cd(CN);- for 1 hour at 37° so that there was less than 0.2 per 
cent survival. 

§ Cd(CN);- T2 was centrifuged for 2 hours at 18,000 X g, the supernatant fluid 
discarded, and the pellet made back to original volume. 


zinc complexes under more alkaline conditions will break thiol ether bonds 
(16), cadmium cyanide complexes did not affect either pi-lanthionine, DL- 
cystathionine, or L-methionine as judged by chromatography of the reac- 
tion mixture. However, the metal complexes rapidly broke the disulfide 
bonds of cystine and oxidized glutathione and the thiol ester bond in acetyl 
thioglycolic acid under conditions identical to those which result in the 
rapid inactivation of bacteriophage. The reactions were followed by paper 
chromatography (17) or by adsorption of ultraviolet light (18). However, 
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ain with both types of model compounds, control reactions with low concen- 
mn- trations of [CN~] gave similar results, and it was difficult to distinguish 
T4 between the action of the metal in complex form and the free [CN~] on 
‘iol the model compounds. 

ain Effect of Papain, Hydroxylamine, Dilute Alkali, Ammonium Sulfate, and 


Thioglycolate on T2 and T4 Bacteriophage—Papain has been shown recently 
to possess a powerful thiolesterase activity (19) which can be readily dis- 
tinguished from its normal proteolytic, esterase, or amidase activities. The 


- thiolesterase activity of papain is manifested in Tris buffer without the 
— need for either an activator such as cyanide or a metal-chelating agent, 
e such as EDTA, which is required for the other activities. Further, cit- 
TaBLeE II 
Inactivation of Bacteriophages T2r* and T4r* by Papain 
System | 
per cent per cent 

- + boiled papain.................. 0 0 


In the complete system, the pH was 7.5, and there were present 0.03 m Tris, 
0.025 m citrate, 0.05 m HCN, 0.0021 m EDTA, 0.03 m NaCl, and 2 mg. per ml. of dia- 
lyzed crystalline papain (Nutritional Biochemicals), and in the case of T4r* 40 y 
per ml. of L-tryptophan. Initial phage titer in the system was about 5 X 10" par- 
ticles per ml. 


er rate stimulates thiolesterase activity but not proteolytic activity. The 
action of papain on T2 and T4 under various conditions is shown in Table 


id II. T2and T4 were inactivated under conditions for thiolesterase activity, 
no cyanide or EDTA was needed, and the inactivation was stimulated by 
ds citrate. The relatively small inactivation of T4 by papain was found in 
oa four separate experiments. The reduced susceptibility of T4 to papain 
a. inactivation as compared to T2 parallels the relative susceptibility of the 
le two viruses to Cd(CN);~ inactivation. In the absence of L-tryptophan, 
yl T4 was not inactivated. 
be The morphological changes in T2 phage produced by papain are clearly 
a shown in Fig. 2. In this experiment 60 per cent of the T2 was inactivated 


and normal phage with intact tails (Particle A, for example) and phage 
With altered tails (Particles B and C) are present in the expected ratios. 
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The action of papain on the virus tail caused the typical alteration noted 
before; the phage tail was shortened and thickened and a small spike pro- 
truded from many of these shortened tails. 

Hydroxylamine and other substituted hydrazines have been shown to 
disrupt thiol ester bonds (18). The rate of inactivation of T2 and T4 by 
hydroxylamine is shown in Text-fig. 5. The rate of T4 inactivation was 


/* +L-TRYPTOPHAN 
(00 


PER CENT VIRUS TITER 


5 


TRYPTOPHAN. 

30 60 90 120 150 
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Text-Fia. 5. Inactivation of T2 and T4 bacteriophages by 0.05 m hydroxylamine, 
pH 6.7. Incubation temperature = 37°. L-Tryptophan was 100 y per ml. 


increased over six times in the presence of L-tryptophan, indicating that 
the major attack on T4 phage (and by analogy on T2 phage) is on the tip 
of the tail. 0.05 m hydrazine at pH 5.7 inactivated T2 and T4 even more 
rapidly than did hydroxylamine. Since these compounds have relatively 
little effect on disulfide bonds these experiments support the concept that 
the virus tail contains thiol ester bonds. 

The effect of two other reagents which also rupture thiol ester bonds 
(18, 20) was investigated. It was reported in 1949 (21) that weak alkaline 
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solutions and one-half saturated ammonium sulfate solutions inactivated 
bacteriophage T6. ‘The rate of inactivation of T4 bacteriophage in 0.2 m 
Tris buffer, pH 9.5, or in 3 M (NH4)2SO,4 was measured in the presence and 
absence of L-tryptophan. These two reagents rapidly inactivated T4 
(more than 50 per cent in 20 minutes) but the rate of inactivation was in- 
creased about 3 times in the presence of 100 y per ml. of L-tryptophan. It 
can be concluded that the primary attack of these reagents is on the distal 
end of the virus tail. 

The effect of incubating T2r*+ phage with 1 m sodium thioglycolate for 3 
hours at 37° is shown in Fig. 3. The phage titer decreased about 70 per 
cent. Various morphological changes are apparent in the six particles 
shown. Particle A represents normal unaltered phage. Particle B has a 
normal head but the distal portion of the phage tail protein has been re- 
moved and the particle is similar to the short thick tailed particles which 
result after treatment with cadmium cyanide complexes. Particle C has 
a normal appearing head, but strands of material can be seen at the distal 
portion of the tail. Particle D has the normal thin tail but the head is 
flattened and apparently empty of nucleic acid. Particle E has a slightly 
flattened head and again strands of material can be seen at the very tip of 
the almost normal tail. Particle F has a flattened almost invisible empty 
head while all that remains of the tail is the quite resistant, shortened, and 
thickened proximal portion. Thioglycolate does not have the specificity 
of action of the metal complexes or papain but it can produce the same type 
of alterations in the virus tail. 

The fact that thioglycollate causes these alterations of the viral proteins 
points strongly to a bond involving sulfur since thioglycolate does not affect 
peptide, ester, or ether bonds. The ability of thioglycolate to undergo 
exchange reactions with thiol ester or disulfide bonds is well known. Since 
the evidence presented indicates the presence of thiol ester bonds in the 
virus tail (but not in the viral head), it appears that the thioglycolate is 
breaking disulfide bonds in the head protein and thiol ester bonds in the 
virus tail. 

Recently Kellenberger and Arber studied the effect of peroxide on T2 
and T4 bacteriophage (7). They showed that incubating the virus par- 
ticles for 10 minutes at 37° in 3 per cent peroxide in 10 per cent ethanol 
caused a characteristic alteration in the tail structure; the tail was shorter 
and thicker and had a spike protruding from the shortened end. The 
results with peroxide alone would not differentiate between the breaking 
of disulfide or thiol ester bonds, but, together with the experiments de- 
scribed above, they support the conclusion that the structure of the virus 
tail is maintained by thiol ester bonds. 

T2 Bacteriophage Sulfur Removed by Cadmium Cyanide Complexes—T2 
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bacteriophage was prepared, labeled with S** in its cystine (or cysteine) 
residues. This phage was incubated with a Cd(CN);~ solution and then 
centrifuged at 19,000 * g for 2 hours. Table III shows that over 8 per 
cent of the cysteine-S**® was removed from the phage. An attempt was 
made to determine the amount of phage protein removed in the reaction 
by using the sensitive Folin-Ciocalteu reagent. The high concentration 
of [CN-] in the supernatant solution interfered with the determination of 
protein. However, a rough calculation can be made of the protein released 
by the action of Cd(CN);~ from the dimensions of the altered structures 
observed in the electron micrographs. The thickened short tail (7) is 
about 90 per cent of the normal tail volume. Since the tail of an unaltered 
virus particle is approximately 12 per cent of the total viral protein, the 
part removed by the action of Cd(CN);~ would amount to about 1 per 


TaBLeE III 
Cysteine-S*5 in Material Removed from T2 Tail Protein by Action of Cd(CN);- 
Non-sedimentable 
No Cd(CN)s~ After Cd(CN)s~ 
per cent per cent per cent 
I 3.1 11.3 8.2 
II 3.6 12.1 8.5 


Cysteine-S** T2 prepared by a growing phage on a methionineless bacterial mu- 
tant in a medium containing methionine and Na,S*5Q,. 
* Incubated for 2 hours at pH 7.7 with 0.006 m Cd(CN);~ at 25°. 


cent of the total viral protein. In agreement with this calculation, analy- 
sis of the sedimented material showed that over 98 per cent of the protein 
was sedimented. These results indicate that the viral protein removed 
by the action of the metal complex contains about 8 times the concentra- 
tion of cysteine sulfur found in the rest of the viral protein. 

Conditions Affecting Reaction between Cadmium Cyanide Complexes and 
T2 Bacteriophage—It was found that the conditions affecting the rate of 
phage inactivation are in accord with the concept that the metal complex 
was catalyzing the alkaline hydrolysis of a thiol ester bond in the viral tail 
protein. In these experiments variations of solution C (Text-fig. 1) were 
used. The effect of temperature on the rate of phage inactivation is 
shown in Text-fig. 6. It can be calculated that the activation energy be- 
tween 15° and 25° was about 19,000 calories. This is the same activation 
energy found for the hydrolysis of thiol ester bonds by acid, base, and 
hydroxylamine (18). The rate of T2 inactivation was directly propor- 
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tional to the [OH-] from pH 6.0 to 7.7 and was not increased further when 
the pH was raised to 9.0 (Text-fig. 7). 

In all of the experiments discussed above, the relationship of the thiol 
ester bond to the rest of the tail proteins was not considered. Text-fig. 8 
shows that the rate of viral inactivation by metal complexes is greatly de- 
pendent upon the ionic strength. The maximal rate of inactivation oc- 
curred at an ionic strength of 0.21. The simplest explanation of this 
effect is to assume that various ions influence the configuration of the tail 
protein and thus the exposure of the susceptible bond to reagents in the 
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Text-Fia. 6. Effect of temperature on the rate of T2r* inactivation by Cd(CN);-. 
0.0062 m Cd(CN);-, pH = 8.0, ionic strength = 0.21. Rate of inactivation was 
1/time for 40 per cent inactivation. 


surrounding fluids. It can also be proposed that the effect of L-tryptophan 
in increasing the rate of inactivation of T4 phage (Text-fig. 4) by cadmium 
cyanide complexes is due to a distortion in the tail structure which exposes 
the susceptible bond. 


DISCUSSION 


In 1955, Kellenberger and Arber (7) not only confirmed earlier observa- 
tions of Anderson (6) that the bacteriophage tail was the organ of attach- 
ment but also presented electron micrographs of the morphological changes 
which occurred in the virus tail upon interaction with the cell wall. Simi- 
lar changes in the virus tail structure during phage-cell wall interaction 
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were also later found by Brown and Kozloff (5). These observations raised 
two problems: (1) what chemical bonds were broken to cause these changes 
in the tail protein of the virus and (2) how were these bonds broken during 
the invasion process. Practically simultaneously, various chemical and 
physical treatments were discovered which could cause similar alterations 
in the virus tail structure (7, 9, 22). The only chemical alteration which 


RATE OF INACTIVATION 


oO 


« 


Text-Fic. 7. Effect of pH on inactivation of T2r* by cadmium cyanide com- 
plexes. The pH was adjusted by adding enough extra [CN~] (as NaCN) and HNO; 
so that the free CN~ was sufficient to give a Cd(CN);~ concentration of 0.0062 M. 
The rate of inactivation was defined as 1/time for 40 per cent inactivation. Tem- 
perature = 25°, ionic strength = 0.21. 


reflected any of the features of host cell-virus interaction was that produced 
by the action of complexes of the zinc group metals on T2 (9). It was 
found that not only was the reaction completely specific for a given type 
of bacteriophage and specific metals but the alteration led to the uncover- 
ing of a site on the virus tail which could enzymatically degrade the host 
cell wall (5). This property of the altered virus was then used to show 
that the presence of zinc in the cell wall was necessary for the enzymatic 
activity of intact phage on host cell walls (3). 

The detailed study of the conditions affecting the inactivation of phage 
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ed T2 by Cd(CN)>;~ is presented as a model of the reactions which occur when 
es T2 interacts with the host cell wall. The effect of temperature and pH 
ng suggests that the metal complex is catalyzing a hydrolysis reaction. It 
nd has already been noted that the activation energy for phage inactivation 
ns by Cd(CN);~ is the same as for the hydrolysis of a thiol ester bond (18). 
ch The finding that only partial complexes of Zn+*+ (or Cd*+*+ or Hgt+*) such 
as Zn(CN);~ inactivate the virus particle is also in agreement with this 
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Text-Fiac. 8. Effect of ionic strength on inactivation of T2r*+ by cadmium cy- 
anide complexes. Rate of inactivation was 1/time for 40 per cent inactivation. 
); 0.0062 m Cd(CN);-, temperature = 25°, pH = 7.0. Ionie strength was adjusted by 
varying the NaNO, concentration. 


M. 
n- 
proposal. One and probably only one of the coordinate bonds of the metal 
need be available to react with one of the members of the susceptible bond. 
d Although our present knowledge of the reaction of zinc with proteins is 
iS slight, the most frequently considered binding site is to a sulfur atom (23). 
re The high concentration of cysteine sulfur found in the material removed 
r- from the virus tail by the action of Cd(CN);~ supports the view that the 
st metal complex is reacting with sulfur. The identification of the bond in- 
W volving the sulfur is made difficult by its low concentration relative to the 


ic rest of the viral protein. One T2 phage has approximately 3500 cysteine 
residues (13) and 8 per cent at most of these are involved in the reaction. 
e This means that a change in 300 or less bonds must be measured chemically 
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on a structure whose particle weight is approximately two hundred mil- 
lion.? 

Considerable evidence has been obtained which points to a thiol ester 
linkage as the crucial bond. This evidence rests largely on the correlation 
of changes in the virus tail structure, usually as observed by means of elec- 
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Text-Fic. 9. Diagrammatic representation of the structure of bacteriophage T2 


tron micrographs, with the effect of various chemical and physical treat- 
ments. Gentle heating (24), as well as freezing and thawing (22), causes 
the typical alteration of the virus tail. Thiol ester bonds are heat-labile 


* It can be calculated that even with 100 per cent isolation efficiency it would be 
necessary to start with 1 kilo of T2 phage (about 10"* particles) to isolate 1 mmole of 
the compound containing the special bonds which are split by the metal complex 
and during invasion. 


T2 
9 9 
> 
9003, 
9- 


il- 


eT 


L. M. KOZLOFF, M. LUTE, AND K. HENDERSON 527 


at neutral pH levels. Freezing and thawing which involve the formation 
of ice crystals are more difficult to evaluate when dealing with particles 
the size of a bacteriophage. The inactivation of T2 phage by peroxide, 
thioglycolate, hydroxylamine, dilute alkali, and ammonium sulfate is in 
agreement with the known ability of all these compounds to disrupt thiol 
ester bonds. Probably the single most convincing evidence for thiol ester 
bonds as the key structural element in the phage tail is from the experiment 
in which crystalline papain is used. From Table II and Fig. 2 it is clear 
not only that papain causes the characteristic change in the virus tail but 
that it does so only under conditions whereby papain has thiolesterase 
activity but not its usual proteolytic activity. 

These experiments also show that the protein coat of T2 bacteriophage 
probably consists of four different proteins, z.e. (1) head protein, (2) proxi- 
mal tail protein, (3) the tail spike protein, and (4) the distal tail protein. 
Empty viral heads have recently been observed in phage lysates (25). 
There is another reason for distinguishing between the head and proximal 
tail protein, since the proximal tail is the site of the enzyme which attacks 
the host cell wall (5). The chemical nature of the tail spike is not known 
for certain, but is not affected by DNAse and may be presumed to be pro- 
tein. Free spikes the length of phage tails have also been found in phage 
stocks (26) and in proflavine lysates (27). More information is available 
about the protein at the distal end of the tail than for any of the other pro- 
teins. When the tails are frozen and thawed (22), or treated with H.O2 
(7) or with thioglycolate, four or five strands can be seen coming from the 
tail tip. Presumably in the intact phage particle these strands are coiled 
about the center spike to give the characteristic bulge noted many years 
ago on the tail tip. When these strands are removed by the action of 
Cd(CN);3-, they are still intact as judged by their antigenic properties. 
Williams and Fraser (22) believe that these strands are the organs for at- 
taching the phage to the host cell wall. The evidence presented in this 
paper suggests that these strands are bound to the center spike (and pos- 
sibly to each other) by thiol ester bonds. The structure of T2 phage is 
illustrated diagrammatically in Text-fig. 9. 


SUMMARY 


1. Bacteriophages T2rt+ and T4rt are rapidly and irreversibly inactivated 
by partial complexes of the zinc group metals. Various properties of the 
reaction are described which include the nature of the complex, conditions 
for the reaction, and biological specificity. 

2. The complex attacks the distal end of the virus tail, removing a por- 
tion of the virus protein and leaving a particle with * short, thickened tail. 

3. Thiol ester bonds have been identified as being proken in this reaction 
and as necessary to maintain the normal structure of the virus tail. 
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4. These reactions are considered as models of those occurring during 
viral invasion. 


BIBLIOGRAPHY 


. Hershey, A. D., and Chase, M., J. Gen. Physiol., 36, 39 (1952). 

. Puck, T. T., Garen, A., and Cline, J., J. Exp. Med. 93, 65 (1951). 

. Kozloff, L. M., and Lute, M., J. Biol. Chem., 228, 529 (1957). 

. Barrington, L. F., and Kozloff, L. M., J. Biol. Chem., 223, 615 (1956). 

. Brown, D. D., and Kozloff, L. M., J. Biol. Chem., 226, 1 (1957). 

. Anderson, T. F., Bot. Rev., 15, 484 (1949). 

. Kellenberger, E., and Arber, W., Z. Naturforsch., 10b, 698 (1955). 

. Kozloff, L. M., and Lute, M., J. Biol. Chem., 228, 537 (1957). 

. Kozloff, L. M., and Henderson, K., Nature, 176, 1169 (1955). 

10. Swanstrom, M., and Adams, M. H., Proc. Soc. Exp. Biol. and Med., 78, 372 (1951). 

11. Luria, 8. E., Ann. Missouri Bot. Gardens, 32, 235 (1945). 

12. Anderson, T. F., J. Bact., 55, 637 (1948). 

13. Hershey, A. D., Virology, 1, 108 (1955). 

14. Bjerrum, J., Chem. Rev., 46, 381 (1950) 

15. DeMars R. I., Luria, 8. E., Fischer, H., and Levinthal, C., Ann. Inst. Pasteur, 
84, 113 (1953). 

16. Binkley, F., and Boyd, M., J. Biol. Chem., 217, 67 (1955). 

17. Harris, C. 8., Hird, F. J. R., and Isherwood, F. A., Nature, 166, 288 (1950). 

18. Noda, L. H., Kuby, 8. A., and Lardy, H. A., J. Am. Chem. Soc., 75, 913 (1953). 

19. Johnston, R. B., J. Biol. Chem., 221, 1037 (1956). 

20. Racker, E., and Krimsky, I., J. Biol. Chem., 198, 731 (1952). 

21. Putnam, F. W., Kozloff, L. M., and Neil, J. C., J. Biol. Chem., 179, 303 (1949). 

22. Williams, R., and Fraser, E., Virology, 2, 289 (1956). 

23. Vallee, B. C., Advances in Protein Chem., 10, 317 (1955). 

24. Cheng, P., Biochim. et biophys. acta, 22, 433 (1956). 

25. Levinthal, C., and Fischer, H., Biochim. et biophys. acta, 9, 419 (1952). 

26. Herriott, R. M., and Barlow, J. L., J. Gen. Physiol., 36, 17 (1952). 

27. Kellenberger, E., and Sechaud, J., Virology, 3, 256 (1957). 


EXPLANATION OF PLATE 1 

Fic. 1. Electron micrograph of T2r* treated with cadmium cyanide complexes for 
1 hour at 37°, pH 7.0. The sample was then diluted in water. Magnification 
= about 25,000X. 

Fic. 2. Electron micrograph of T2r+ phage treated with papain. 0.1 ml. of T2r* 
suspension (4 X 10'° phage particles) was incubated for 7 hours at 37° with 0.2 ml. of 
papain (0.5 mg. per ml. of twice crystallized papain from the Nutritional Biochemicals 
Corporation), 0.05 ml. of 0.3 m Tris buffer, pH 7.5, and 0.2 ml. of 0.15 mM NaCl. The 
T2 was 60 per cent inactivated. The sample was then diluted with 4 volumes of 
water. Magnification = about 33,000X. 

Fic. 3. Electron micrograph of T2r* phage treated with 1 M sodium thioglycolate. 
The pH of the thioglycolate was adjusted to 7.0 before being mixed with the phage. 
The sample was incubated for 3 hours at 37°, and diluted with 3 volumes of water. 
Magnification = about 39,000. 
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VIRAL INVASION 


II. THE ROLE OF ZINC IN BACTERIOPHAGE INVASION* 


By LLOYD M. KOZLOFFft ann MURL LUTE 


(From the Department of Biochemistry, University of Chicago, 
Chicago, Illinois) 


(Received for publication, March 11, 1957) 


Since the cell wall of Escherichia coli, strain B, the host cell for the T 
series of bacteriophages, is a rigid and complex structure (1-3), an altera- 
tion in the cell wall is required for the efficient injection of viral nucleic 
acid. Barrington and Kozloff (3) reported that an enzyme in the tail 
of the FE. coli bacteriophages caused the release of nitrogenous material 
from the bacterial cell wall. Later Koch and Weidel (4) confirmed and 
extended these results. In a study of the morphological localization of 
the phage tail enzyme, Brown and Kozloff (5) concluded (a) that the 
intact virus is enzymatically inactive, (b) that the enzyme is only exposed 
after alteration of the tail upon interaction with host cell wall, and (c) that 
the enzyme is located on the proximal portion of the altered tail. 

One of the chemical methods used by Brown and Kozloff to expose the 
tail enzyme involved treatment of the virus with cyanide complexes of the 
zinc group metals. In a study of the action of these complexes on T2 and 
T4 bacteriophage it was concluded that they probably alter the virus 
tail by breaking thiol ester bonds (6). Experiments have now been 
performed which show that zinc, tightly bound to the cell wall, is necessary 
for the digestion of the cell wall by the virus particle. The zinc is involved 
in the mechanism which exposes the viral enzyme rather than as a coenzyme 
for the enzyme. 


Methods 


The methods used were similar to those described previously (5). C"™ 
host cell walls were isolated from E£. coli grown on a hydrolysate of uni- 
formly-labeled C' Belladonna root (obtained from the Argonne National 
Laboratory). The final cell wall suspension contained about 3 to 5 X 10° 
cell walls per ml. and 0.1 ml. gave 20,000 disintegrations per minute in an 
internal flow counter. 

* Aided by grants from the National Foundation for Infantile Paralysis, Inc., 
and the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of 


Chicago. 
t Studies were carried out during the tenure of a Lederle Medical Faculty Award. 
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The procedure for measuring the breakdown of the cell wall by the 
action of the virus enzyme consisted of mixing 0.1 ml. of the C™ cell wall 
suspension, 0.05 ml. of 0.1 mM tris(hydroxymethyl)aminomethane (Tris) 
buffer, pH 7.0, 0.1 ml. of bacteriophage suspension (usually 10" particles), 
and other solutions as indicated, so that the final volume was 0.4 ml. 
The mixture was incubated 2 hours at 37°, centrifuged at 20,000 X g in 
the cold for 2 hours, and the supernatant solution poured off. Two 0.1 
ml. aliquots of the supernatant solution were pipetted on to aluminum 
planchets, dried, and the Ct counted in a flow counter. Control samples 
were incubated without phage or with heat-inactivated phage, and the 
non-sedimentable C (usually 1 to 2 per cent of the total) was subtracted 
from the values obtained with the virus. The virus was heat-inactivated 
by first heating the suspension at 100° for 3 minutes, cooling, incubating 
for 30 minutes more with 10 y of deoxyribonuclease, and then heating 
again for 5 minutes at 100°. After this treatment, the enzyme was com- 
pletely inactivated. 


Results 


Zinc Content of E. coli Cell Walls—The zine content of FE. coli cells was 
determined by measuring the amount of Zn® taken up from a synthetic 
medium (7) of known specific activity. No correction was made for 
contaminant zinc since the Zn® was added in great excess. The results 
are given in Table I. The bacteria were washed in the centrifuge four 
times with 0.9 per cent saline and twice with 0.02 m ethylenediamine- 
tetraacetic acid (EDTA) to remove adsorbed zinc. One bacterium con- 
tained about 50,000 to 70,000 atoms of zinc. A small but significant 
fraction of this zinc was found in cell walls prepared by the procedure of 
Salton and Horne (2). Each cell wall had about 3100 atoms of zine which 
was tightly bound and was not greatly affected by being washed with 
EDTA. However, extraction with 0.3 m trichloroacetic acid (TCA) for 
10 minutes in the cold removed all the Zn® from the cell wall. 

Effect of Metal Ions on Digestion of Cell Walls by T2 and T4 Bacterio- 
phages—It was possible to show that the removal of Zn from the cell walls 
prevented their disruption by intact phage, and the addition of Zn*++, and 
only Znt*, to zinc-deficient cell walls restored their ability to be disrupted 
by bacteriophage. : 

The initial steps in phage-cell wall interaction were found to be unaffected 
by the removal of the zine from the cell wall. Cell walls extracted with 
0.3 m TCA, when washed free from acid (two washings with saline, one 
with Tris buffer), had lost none of their ability to adsorb bacteriophage 
even though they had lost most of their zine. The adsorption capacity 
for T2 phage was unchanged, and 'T4 phage was adsorbed only in the 
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presence of L-tryptophan, the specific cofactor for T4 adsorption. Both 
T2 and T4 phage were adsorbed irreversibly and could not be recovered 
even by greatly diluting the phage-cell wall suspension in water. 

Since zine was not involved in adsorption, it was possible to test whether 


TABLE I 
Zine Content of BE. coli and E. coli Cell Walls 
Atoms of zinc 
Experiment I Experiment II 
7.4 X 10% 5.3 X 104 
EDTA-washed cell wall......... 1.9 X* 10° 
TCA-washed cell wall.......... 0 0 


Initial ZnCl. concentration = 2.26 X 10-* M in Experiment I and 3.9 X 10-° in 
Experiment II. The Tris medium of Hershey was used (7). The bacteria incor- 
porated 10 per cent of the total zinc in Experiment I and 3.9 per cent in Experiment 
II. The final bacterial concentration was about 1.8 * 10° per ml. in both experi- 
ments. Cell walls were prepared by the procedure of Salton and Horne (2). The 
washing procedure is described in the text. 


TABLE II 


Digestion of Normal and Acid-Extracted C Cell Walls of 
E. coli by T2 and T4 Bacteriophages 


Phage cell wall Cell 

per cent 

Intact T2 Normal 1.8 
Frozen-thawed T2 3. 

Intact T2 Acid-extracted 0.5 

Frozen-thawed T2 - 3.6 

Intact T4* Normal 4.3 

Acid-extracted 0.2 

Frozen-thawed T4 3.8 


* L-Tryptophan at a final concentration of 50 y per ml. was added to all of the tubes 
containing T4. 


zinc was involved in the subsequent exposure of the viral enzyme. The 
results of this experiment are shown in Table II. Acid-extracted cell 
walls were disrupted to only a slight extent by intact T2 or T4 phage. 
The small amount of cell wall digestion caused by the intact phage can 
probably be attributed to small amounts of contaminant metal ions taken 
up by the cell walls when the acid was washed out. On the other hand, 
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T2 or T4 phage which has been altered by freezing and thawing so that 
the normally concealed enzyme is exposed (5), caused the release of C* 
from both normal and acid-extracted cell walls. 

Acid extraction of the cell walls not only removes the zinc but probably 
all metal ions from the cell walls. It was found that Zn**+ was the only 
metal ion which, when added back to the cells, allowed their digestion by 
intact T2 as well as by altered T2. C' cell walls were extracted with 


TABLE III 


Effect of Metal Ions on Digestion of C4 Cell Walls 
by Intact T2 Bacteriophage 


CH cell walls Metal added* 

per cent 

Normal None 7.4 
Acid-extracted 3.6 
2.2 X 10-7 m Zn*++ 5.7 

11.0 

4.5 X 10-7 Cd*+ 3.7 

« 4.5 X 10-7 “ Hgt+ 4.1 


* The concentration of the metal ion is that present in the final solution. The 
metal ions were preincubated with cell walls and buffer for 1 hour at room tempera- 
ture. EDTA was then added to a final concentration of 0.005 mM and the virus added 
last. 


TCA in the usual manner and washed with buffer and saline. The fol- 
lowing components were mixed in a 5.0 ml. plastic centrifuge tube: 0.1 ml. 
of the C™ cell wall preparation containing about 3 X 10° cell walls in 
0.9 per cent saline, 0.05 ml. of 0.1 m Tris buffer, pH 7.0, and 0.05 ml. of 
metal ion (as either the chloride, sulfate, or nitrate) of the appropriate 
concentration. This solution was incubated for 1 hour at room tempera- 
ture and then 0.05 ml. of 0.02 m EDTA, pH 7.0, was added,' and finally 
0.05 ml. of saline and 0.1 ml. of T2 phage. The suspension was incubated 
in the usual manner and the amount of non-sedimentable C™ determined. 

Table III shows that only Zn** restores the ability of intact T2 phage 
to digest the cell wall. Neither Cd*+*+ nor Hg**, the other members of 
the zine group metals (6), duplicates the action of zinc. The amount of 
C™ released in the presence of these metals is essentially the same as if no 


1 The EDTA was added to remove excess adsorbed metal ions from the surface of 
the cell wall. In the absence of EDTA, 2 X 10-7 Mm Zn** almost completely inhibited 
the digestion of cell walls by virus particles which have been altered so that the en- 
zyme was exposed. 
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that metal was added. The addition of Ca++, Mg++, Cot*+, Mn*, or Fet* to 
Cu the cell walls did not allow their digestion by intact T2. Further, the 
amount of Zn+*+ which restores the ability of intact T2 to digest the zinc- 
bly deficient cell wall is about what would be expected from the zine content 


mily of cell walls. The small amount of zinc necessary for the reaction also 
by explains the relatively high blanks found with zinc-deficient cell walls, 
vith since some zinc is present in the solutions used to remove the acid after 


the extraction. 

Effect of Zinc-Chelating Agents on Digestion of Cell Walls and Infection 
of Whole Cells by Bacteriophage T2—The effect of zinc-chelating agents on 
the disruption of cell walls by intact and altered T2 phage was also meas- 
on- ured. In this experiment the T2 phage was altered to expose the enzyme 


TABLE IV 


Effect of Zinc-Chelating Agents on Digestion of C™ Cell 
Walls Intact and Cd(CN);—-Treated Phage 


Cell wall C™ made non-sedimentable 


Dithizone,* Cupferron,*;| 8OHQ,* OP,* 
0.001 Mm 0.01 M 0.008 M 0.005 M 


per cent per cent per cent per cent per cent 


The 4.0 1.2 1.5 0.3 1.7 
ra- Cd(CN);"-treated Tz............. 4.0 0 0 4.9 5.7 
led 


*Dithizone = diphenylthiocarbazone; cupferron = C.Hs-(N(NO)-ONH,); 
80HQ = 8-hydroxyquinoline; OP = orthophenanthroline. Chelating agents were 
preincubated with cell walls for 1 hour at room temperature before the virus particles 


ol- were added. 

nl. | 

in by treatment with Cd(CN);-, as described by Brown and Kozloff (5), 
of rather than by freezing and thawing. Normal cell walls were incubated 
ite with the zinc-chelating agent for 1 hour at room temperature and then the 
‘a- normal or altered phage was added (Table IV). The various zinc-chelating 
ly compounds all markedly inhibited the digestion of cell walls by intact T2. 
ed Two of the compounds, dithizone and cupferron, also completely inhibited 
1. the action of Cd(CN)3--treated T2, indicating interference with enzyme 
ge | action itself, but the other two compounds, 8-hydroxyquinoline and ortho- 


of phenanthroline, did not affect the breakdown of the cell wall by the altered 
of phage. It can be concluded from the effect of the last two compounds 


10 that the presence of a metal, presumably zinc, is necessary for digestion of 
of cell walls by intact T2 but not by altered T2. 

ed The effects of 8-hydroxyquinoline and orthophenanthroline on the 
n- infection of viable bacteria by T2 phage are shown in Table V. Bacteria 


treated with these two compounds were still viable, and the presence of 
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these compounds did not interfere with the initial steps in viral cell inter- 
action. The treated bacteria adsorbed T2 phage rapidly and were killed 
by the adsorbed phage. However, practically none of the host cells was 
infected. It appears that a late stage in the invasion of intact host cells 
also requires the action of a metal, presumably zinc. 


DISCUSSION 


The evidence presented in this paper supports the conclusion of Brown 
and Kozloff (5) that the bacteriophage tail enzyme is not identical with 
the external tail protein of the intact virus. The external tail antigen 
can be removed largely intact (6), leaving exposed a protein which has 
enzymatic activity on the host cell wall. The inability of intact T2 
phage to disrupt cell walls either extracted with acid or treated with 


TABLE V 


Effect of Zinc-Chelating Agents on Interaction 
of Bacteria and T, Bacteriophage 


Pretreatment of host bacteria* T2 adsorbedt killed be 

per cent per cent per cent 
0.008 m 8-hydroxyquinoline................. 97 99 4 
0.005 ‘‘ orthophenanthroline................ 98 99 1 


* Host cells incubated for 20 minutes at room temperature with chelating agents. 
Neither chelating compound affected host viability. 

t T2 added per host cell = 4.5. 

t After 5 minutes incubation in Tris buffer. 


chelating agents known to tightly bind zinc (among other metals) impli- 
cates a metal in the alteration of the viral tail. The stability of the zine- 
binding component of the cell wall made it possible to show that only 
zinc could restore the cell wall to the state in which it could again be 
disrupted by intact phage. 

The experiments clearly show that zinc is not functioning as a coenzyme 
for the viral tail enzyme. Phage altered in a variety of ways so that the 
enzyme is exposed readily digests zinc-deficient cell walls in the absence 
of added metal ion. Zine has recently been shown to be a constituent of 
a large number of dehydrogenases (8), and there is evidence that in bacteria 
the cytochrome system (9) and some dehydrogenases (10) are located in 
the cell membrane. It can be proposed that, during bacteriophage inva- 
sion, the bacteriophage tail comes in contact with a bacterial dehydrogenase 
in the cell wall which contains zine and which has thiolesterase activity. 
This host cell enzyme ruptures thiol ester bonds in the viral tail (6) and 


L. M. KOZLOFF AND M. LUTE 535 


exposes the viral tail enzyme. This is probably only the first host cell 
enzyme which the invading virus exploits for its own purposes during its 
reproductive cycle. 

The experiments presented offer some information about the reactions 
between the host cell and the virus particle before the alteration of the 
viral tail. The initial adsorption of bacteriophage to the host cell or 
host cell wall is considered to be a reversible electrostatic reaction (11). 
This reaction is rapidly followed by another reaction which is no longer 
reversible (12) and which results in the death of the host cell. Kellenberger 
and Arber (13) have suggested that the alteration of the virus tail was the 
irreversible step in adsorption. <A logical step in this argument would be 
to propose that the death of the cell is due to the action of the viral tail 
enzyme. However, the experimental results do not support these views. 
T2 phage adsorbs irreversibly to zinc-deficient cell walls or to cell walls 
treated with 8-hydroxyquinoline even though under these circumstances 
the alteration of the viral tail is prevented. Further, intact host cells 
are killed by T2 phage in the presence of the zinc-chelating agents which 
inhibit the digestion of the cell wall by T2 phage. Apparently, the protein 
strands (6) which comprise the distal end of the viral tail attach to the host 
cell by bonds, which, once formed, are not affected by the ionic environ- 
ment. It is this phase of invasion which results in the death of the host 
cell. 


SUMMARY 


1. Isolated cell walls of Escherichia coli B each contain about 3100 
zine atoms. The removal of the zine by acid extraction does not affect 
the ability of the cell wall to adsorb irreversibly T2 and T4 bacteriophages. 

2. Acid-extracted cell walls can be enzymatically digested by altered 
phage but not by intact phage. Preincubation of acid-extracted cell 
walls with Zn*+* (5 & 10-7 M) restores the ability of intact phage to digest 
the cell walls. Preincubation with other metals (Cd**, Hg**, ete.) does 
not have this effect. 

3. Zine-chelating compounds such as 8-hydroxyquinoline and ortho- 
phenanthroline prevent the digestion of the cell wall by intact phage but 
not by altered phage. ‘These compounds also prevent the infection of 
intact host cells by T2 phage. 

4. It is proposed that, during bacteriophage invasion, the bacteriophage 
tail comes in contact with a zine protein in the cell wall which ruptures 
thiol ester bonds in viral tail and exposes the viral tail enzyme. 
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VIRAL INVASION 


III. THE RELEASE OF VIRAL NUCLEIC ACID 
FROM ITS PROTEIN COVERING* 


By LLOYD M. KOZLOFFf ann MURL LUTE 
(From the Department of Biochemistry, University of Chicago, 
Chicago, Illinois) 

PLATE 2 
(Received for publication, March 11, 1957) 


Shortly after the bacterial virus T2rt is adsorbed to its host cell, viral 
deoxyribonucleic acid (DNA) is injected into the cell (1). Before injection 
occurs, the viral tail structure is altered by components in the host cell 
wall (2, 3), one result of which is to open a passageway for the viral DNA. 
In these experiments the typical alteration of the phage tail structure has 
been produced by treating T2 phage with solutions containing cadmium 
cyanide complexes (4). The factors affecting the release of DNA from 
the altered virus have been studied as a model of the reactions which 
might occur during invasion. It has been found that the release of the 
DNA through the altered virus tail can be triggered by a variety of chemical 
compounds under mild conditions. All the active compounds have a free 
amino group and the most active compounds are glucosamine and the 


basic amino acids. 


Methods 


The DNA of T2r* bacteriophage was labeled with P® by growing the 
virus by the confluent lysis technique (5) on nutrient broth plates con- 
taining 40 ue. of P® per plate. After purification, over 99 per cent of the 
P® was found in DNA fraction of the virus (6). T2 prepared in this 
manner and concentrated to about 10” particles per ml. gave 250,000 c.p.m. 
per ml. with an end window Geiger counter. 

To measure the effect of various compounds on DNA release, the P® 
phage was first altered by incubating 1 volume of phage with 10 volumes 
of Cd(CN);~ solution for 1 hour at 37°. Then 0.5 ml. aliquots were placed 
in 5 ml. plastic centrifuge tubes and a 1.0 ml. solution of the test compound 
(usually 0.3 M) or control solution was added. After a further incubation 
of 30 minutes at 37°, the samples were cooled to 10° and centrifuged for 
2 hours at 20,000 X g, the supernatant liquid was poured off, and an aliquot 
was counted. Appropriate controls were run with untreated phage. 


* Aided by grants from the National Foundation for Infantile Paralysis, Inc., and 
the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of Chicago. 
t Studies carried out during the tenure of a Lederle Medical Faculty Award. 
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The cadmium cyanide solution used in these experiments was prepared 
by mixing 40.0 ml. of 0.1375 m Cd(NOs)o, 86.4 ml. of 0.2 Mm NaCN, 200 ml. 
of 0.8 M NaNQs, and 20 ml. of 0.025 mM Mg(NOs)o, by adjusting to pI 7.70 
with HNQOs, and making to a final volume of 500.0 ml. When 1.0 ml. of 
this solution is mixed with 0.1 ml. of T2 phage in 0.9 per cent saline, the 
Cd(CN)3~ concentration is 0.0062 mM, and over 99 per cent of the phage will 
be inactivated after incubation for 1 hour at 37°. 

Electron microscope pictures were taken with a model EMU-2 RCA 
electron microscope. Samples were diluted with water to a concentration 
of about 3.5 X& 10" particles per ml., sprayed on collodion or formvar- 
coated grids, dried, and shadowed with chromium. 


TaBLe I 
Effect of Cations on DNA Release from T2 Treated with Cadmium Cyanide Compleres 


Cation* T2 DNA releasedt 
per cent 
0.17 mM Na* 16 
15 
0.13 Mg** 15 
1] 
0.13 Catt 1] 
18 


* Added as neutral salts. 
+t Measured as per cent of phage P*® released from cadmium cyanide-treated 
phage when incubated for 30 minutes at 37°. 


Results 


Effect of Cations on Release of T2 DN A—When T2 bacteriophage labeled 
with P*® was treated in the standard manner with Cd(CN);~ at pH 7.7, it 
still retained most of its DNA. Only 10 to 20 per cent of the viral P® was 
found in the supernatant fraction when the altered particles were centri- 
fuged at 20,000 K g. The addition of DNAse did not increase the amount 
of non-sedimentable P*®. Since the DNA is a polyanion, the possibility 
was considered that its release might be aided by relatively high concentra- 
tion of cations either inside the protein covering or at the opening of the 
altered tail. The result of adding Nat, Catt+, and Mgt*+ (as neutral 
salts) to altered phage is shown in Table I. These ions had no appreciable 
effect on the release of viral DNA. 

Effect of Various Compounds on Release of T2 DNA The effect of 
various compounds on the release of viral DNA from altered phage is 
shown in Table IT and Text-fig. 1. The basic amino acids and glucosamine 
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were the most effective compounds in causing the release of viral DNA. 
Proline which does not have a primary amino group did not cause any 
release of viral DNA although Tris (tris(hydroxymethyl)aminomethane), 
which does have a primary amino group, was active. Even p-amino- 
benzoic acid had a slight activity. It appears that a primary amino group 
is an essential feature of the structure of compounds which cause the 
release of the DNA, 


Tasce II 
Effect of Various Compounds on Release of DNA from 
T; Treated with Cadmium Cyanide 


Compound, 0.2 u, pH 8.75 | T2 DNA released* 
| per cent 
Arginine hydrochloride..................... 100 
Lysine hydrochloride................. | O4 
Ornithine hydrochloride....................... 57 
Histidine hydrochloride....................... 22 
8 
85 


* As per cent of phage P® corrected for the release without any buffer (about 
10 per cent). 


It was found that the release of DNA from altered T2 phage was greatly 
affected by the pH at which the altered virus particles and test com- 
pounds were incubated. The release of viral DNA showed a maximum at 
pH 8.75 to 9.0, and at both lower and higher pH levels there was less 
DNA released (Text-fig. 1). The minimum found above pH 9.0 and the 
subsequent increase in DNA release at pH] 9.5 were typical of many experi- 
ments. The release of DNA at pll 9.5 seems to have little significance 
since this is above the pH stability range for this virus (4). 
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Ammonium buffers did not cause the release of viral DNA even at pH 8.7 
(Text-fig. 1). The release of DNA after incubation with borate buffers 
over the same pH range was even lower than those incubated with ammo- 
nium buffers. Phosphate buffers from pH 6.0 to 7.5 also failed to release 
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PER CENT PHAGE DNA RELEASED 


100 
+ 
NH 4 
30 
7.5 8.0 8.5 9.0 9.5 


pH 
Text-Fic. 1. The effect of three different compounds on the release of T2 DNA 
at various pH levels. The T2 was treated with Cd(CN); and then incubated with 
the buffer as described in the text. The release of T2 DNA is given as the per cent 
phage P*? which could not be sedimented at 20,000 X g. 


any DNA from the altered particles. It is clear that a specific chemical 
structure at slightly alkaline pH is required for DNA release. _ 

The release of viral DNA was not greatly affected by lowering the 
concentration of the active compounds. Tor example, the amount of viral 
DNA released only decreased 50 per cent when the lysine concentration 
was lowered from 0.20 to 0.015 m. Lower concentrations were not tested 
since they would not be sufficient to determine the pH in the presence of 
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the cyanide in the cadmium cyanide solution. The configuration of the 
primary amino group did not appear to be important, since identical 
results were obtained with varying concentrations of L-lysine as well as 
with pL-lysine. 

The appearance of viral particles treated with Cd(CN);~ and then 
with 0.2 and 0.02 m lysine at pH 9.0 is shown in Figs. 1 and 2. When 
treated with 0.2 m lysine, essentially all the particles have lost their DNA 
and the heads have a dimpled appearance. The electron micrograph field 
was chosen to include one intact T2 particle for comparison. At a 10-fold 
lower lysine concentration, the particles can be divided into two groups, 
those which have apparently lost all their DNA and those which still retain 
their DNA within the head. The proportion of the two different particles 
agrees with the fraction of DNA released. It would appear that the release 
of the DNA from within the head through the altered tail is an “all or 
none” phenomenon and that the partial release of viral DNA observed at 
lower pH levels or lower lysine concentrations is due to the release of 
DNA from a corresponding fraction of the particles rather than a partial 
release from all particles. 

The action of arginine on T2 phage (Table II) differs from that of the 
other compounds. When 0.2 mM pL-arginine at pH 8.75 was incubated with 
normal T2 phage at 37° for 30 minutes, the virus was 95 per cent inacti- 
vated. None of the other amino acids or other compounds used had a 
similar effect. An electron micrograph of T2 phage, treated first with 
Cd(CN)3- and then with arginine (Tig. 3), shows that the viral heads are 
completely destroyed. The DNA is apparently released from the rup- 
tured head rather than through the tail, since several particles with spikes 
in the shortened tails can be seen. 

Rate of Release of Viral DNA—Text-fig. 2 shows that viral DNA is 
released from its protein covering within a few minutes at 37° in the 
presence of 0.2 mM Tris. The addition of DNAse did not affect the rate of 
DNA release. In this experiment, samples of Cd(CN);~-treated P*-labeled 
phage were incubated with Tris buffer, pH 8.75, for various time periods 
and then chilled in an ice bath and finally centrifuged at 10°. It can be 
seen that below 10° there is little or no release of viral DNA. On the 
other hand it was found that viral DNA was released almost immediately 
at 44° from altered phage even in the absence of any compound such as 
Tris or lysine. 

Release of Viral DNA from T2 Phage Altered by Various Treatments—The 
release of DNA from T2 inactivated by various treatments which break 
the thiol ester bonds (4), which hold the virus tail structure together, is 
shown in Table III. Of the reagents used which modify the tail struc- 
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PER CENT PHAGE DNA RELEASED 


nm 


— 
10 | 20 25 
MINUTES 


Text-Fia. 2. The rate of release of T2 DNA from Cd(CN);--treated T2. The 
altered phage was incubated with 0.2 m Tris buffer, pH 8.75. 
measured as release of viral P**?. The top two curves illustrate the release of viral 
DNA at 37° in the presence or absence of DNAse. The bottom curve (---) represents 


the release of viral DNA at 10°. 


TaBLeE III 


DNA release was 


Release of DNA from T2 Inactivated by Various Treatments 


Treatment 


T2 inactivated 


T2 DNA released with 
0.2 m Tris, pH 8.75, 35 
min.* 


3% H2O2 in 10% ethanol, 10 min., 37°........ 
Thioglycolate 0.2 m, 1 hr., 37°. ............. 


per cent 
0 
99 
100 
42 


* As per cent of phage P* non-sedimentable. 


ture of T2, only Cd(CN);--treated T2 released its DNA upon subsequent 


incubation with Tris buffer. 


— 

| | 

| | per cent 
N | | 
| 93 

| | 8 

| | 10 
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Recombination of Viral Protein and Viral DN A—P*®-labeled T2 phage 
was treated with Cd(CN);~ in the usual manner and divided into three 
aliquots. Tris buffer (0.2 mM, pH 8.75) was added to all samples and they 
were incubated at 37° for 30 minutes. One aliquot was centrifuged and 
it was found that 82 per cent of the viral P®” was in the supernatant frac- 
tion. Sufficient acetic acid was added to the other two samples to reduce 
the pH to 6.3. When one of these was centrifuged, only 20 per cent of the 
viral P® was found in the supernatant material. 10 y of DNAse were 
added to the third acidified aliquot, and it was incubated at 37° for 30 
more minutes before being centrifuged. After this treatment 80 per cent 
of the viral P® was non-sedimentable. It appears that viral DNA and 
protein spontaneously recombine at pH 6.3. It also is evident in view of 
its susceptibility to DNAse action that the DNA is bound to the outside 
of the protein coat and does not return to the inside of the viral head. 


DISCUSSION 


Some of the physical forces affecting the release of DNA from bacterio- 
phage during invasion have been discussed recently in a theoretical paper 
by Ore and Pollard (7). Although it was demonstrated that ordinary 
forces such as linear Brownian movement and the centrifugal pull exerted 
by oscillatory thermal movements can largely account for the rate of DNA 
injection, no consideration was given to the changes in viral tail structure 
which are now known to occur or to the effect of electrostatic charges on 
the viral protein and nucleic acid. In fact, it is possible that the forces 
invoked by Ore and Pollard may have only minor roles in the injection 
process. Recently, Cheng has found (8) that T4 which has been mildly 
heat-treated in the presence of L-tryptophan lost approximately 20 per 
cent of its DNA apparently through its damaged tail. Earlier, Jesaitis 
and Goebel (9) reported that a specific viral receptor for T4 isolated from 
phase II Shigella sonnet caused the release of viral DNA. However, in 
both these instances the factors affecting DNA release were not investigated 
in detail. 

The use of T2 altered by treatment with cadmium cyanide complexes 
appears to be a better system for studying the release of viral DNA. These 
complexes essentially duplicate the action of the host cell wall in that 
they cause the same morphological alteration of the viral tail structure (4) 
and allow the subsequent release of the DNA. The altered phage particle 
can be likened to an open flask containing viscous DNA which flows out 
slowly at ordinary temperatures (30 per cent release in 6 hours at 37°) but 
rapidly at slightly higher temperature (100 per cent in 1 minute at 44°). 
The intact T2 tail is 1000 by 180 A and in the center of the tail is a spike- 
like structure 100 A thick (2). After treatment with cadmium cyanide 
complexes, the tail appears contracted and has dimensions of 500 by 240 A. 
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Most of the particles have lost their center tail spike. It can be estimated 
that the passageway in the center of the tail of the altered phage particles 
which have lost their spikes is about 140 A in width. This shortening 
and thickening of the tail to produce both a shorter and wider passage 
would reduce the viscosity barrier and greatly facilitate the release of the 
threadlike DNA (diameter 22 A). 

Viral infection readily occurs at temperatures below 44°, and special 
devices would seem necessary to overcome the problem of ejecting the 
DNA through this still rather narrow opening. From the results of these 
investigations in which one reaction controls or initiates a succeeding 
reaction (4, 10), one would expect that DNA release would be chemically 
controlled and that some compound or compounds would initiate DNA 
release. The action of various compounds in causing DNA release can 
be considered as analogous to the true triggering agents. All the active 
compounds (except Tris) such as glucosamine and the amino acids are 
normal constituents of the host cell wall. It seems likely that the prod- 
ucts of the action of the viral tail enzyme on the host cell wall, which 
includes peptides and other unidentified compounds (11, 3), are the normal 
agents which cause the release of viral DNA directly into the host cell. 

The compounds which cause the release of the DNA from the opened 
tail of T2 phage appear to act by decreasing the attraction of the protein 
for the nucleic acid and increasing the repulsive forces between them. At 
PH levels above 3, DNA will behave as a polyvalent anion. Van Vunakis 
and Barlow (12) have reported that the only amino end group detectable 
in T2 protein (presumably head protein) is alanine. pK values for the 
amino group of alanine in simple peptides (13) range from 8.2 to 8.4. At 
neutral pH levels it would be expected that some of the phosphates of the 
DNA would be neutralized by the positively charged amino groups of 
alanine but that, as the pH is raised to 8.75 or above, most of the alanine 
amino groups will be uncharged and the attraction between the protein 
and the DNA decreased. The increased net negative charge on the 
protein (at pH 8.75 as compared to 7.0) would also act to repulse the 
negatively charged DNA. It is worth noting that one of the main prod- 
ucts of cell wall breakdown by the viral tail enzyme is a small peptide 
containing only cystine, glutamic acid, and a relatively larger amount of 
alanine (11). 

The sequence of reactions which are thought to occur during bacterio- 
phage invasion is illustrated in Text-fig. 3. The virus particle adsorbs 
tail-first to the host cell wall and the protein strands in the tip of the viral 
tail are partially unwrapped. The host cell is killed at this stage of the 
interaction. <A bacterial zinc protein in the cell wall, possibly a bacterial 
dehydrogenase, hydrolyzes the thiol ester bonds in the virus tail which 
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link the protein strands to the tail spike. This causes a shortening of the 
tail and exposes an enzyme which digests a portion of the cell wall. The 
products of this reaction are thought to trigger the injection of the viral 
DNA through the partially disrupted cell wall into the host cell. 
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Text-Fiac. 3. Diagrammatic representation of the reactions occurring during 
bacteriophage invasion. 


SUMMARY 


1. T2 bacteriophage whose tail structure has been altered by treatment 
with cadmium cyanide complexes has been used as a model to study factors 
affecting the release of viral deoxyribonucleic acid (DNA) from the pro- 
tein coat. 


d 
e 
e 
XUM 


546 VIRAL INVASION. III 


2. The release of viral DNA does not occur spontaneously, even though 
there is an open passage through the altered viral tail to the external 


medium. 

3. The release of the viral DNA through the tail is dependent upon the 
temperature and the presence of compounds which possess a primary amino 
group, such as various amino acids and glucosamine. These compounds 
cause the release of all the viral nucleic acid within 2 minutes at 37°. The 
release occurs optimally at pH 8.75 to 9.0 and appears to be an “all or 
none” phenomenon. At 44° the DNA is released in the absence of com- 


pounds containing primary amino groups. 

4. 0.2 M arginine at pH 8.75 causes the release of viral DNA from intact 
or altered virus particles by disrupting the head protein. 

5. When viral DNA is released at pH 8.75, lowering the pH to 6.3 
causes a recombination of viral protein and nucleic acid. 

6. The relation between these reactions and those occurring during 
invasion are discussed. 
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EXPLANATION OF PLATE 2 

Fic. 1. An electron micrograph of T2 phage treated with Cd(CN);- and then with 
0.2 m pL-lysine buffer, pH 9.0. One normal T2 particle can be seen surrounded by 
short-tailed empty-headed particles. Magnification = about 25,000. 

Fic. 2. An electron micrograph of T2 phage treated with 0.02 mM pL-lysine, pH 9.0. 
Approximately one-half of the particles contain DNA and the rest have empty heads. 
Magnification = about 28,000X. 

Fia. 3. An electron micrograph of T2 phage treated with Cd(CN);~ and then with 
0.2 mM arginine, pH 8.75. The heads of the virus particle are almost completely de- 
stroyed, while the tail, especially the proximal portion, is readily visible. Magnifi- 
cation = about 28,000x. 
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THE BIOSYNTHESIS OF HYALURONIC ACID 
BY GROUP A STREPTOCOCCUS 


V. THE URIDINE NUCLEOTIDES OF GROUP A STREPTOCOCCUS* 
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Previous studies from this laboratory have demonstrated that group A 
streptococci can be conveniently used for the study of the biosynthesis of 
hyaluronic acid (1). It was shown that glucose is a direct precursor of 
both the glucosamine and glucuronic acid moieties of this substance, and 
that glucosamine was also utilized for its synthesis; in contrast, however, 
glucuronic acid or its lactone was not utilized. These findings, along with 
the reported occurrence of uridine nucleotides containing N-acetylglucosa- 
mine (2) and glucuronic acid (3), and the demonstration that uridine 
diphosphoglucose is involved in the synthesis of sucrose, trehalose phos- 
phate, and lactose (4-6), suggested that uridine nucleotides may be involved 
in the synthesis of mucopolysaccharides. 

It was therefore considered important to ascertain the nature of nucleo- | 
tide intermediates present in a strain of group A streptococcus (A111) which 
had been previously demonstrated to synthesize hyaluronic acid in growing 
cultures and resting cell suspensions. While this work was in progress, 
McCluer, van Eyes, and Touster (7) presented preliminary studies along 
the same lines, and Glaser and Brown (8) reported the incorporation of 
C' from labeled uridine diphosphoacetylglucosamine! in products isolated 
from Rous sarcoma extracts after the addition of carrier hyaluronic acid. 


EXPERIMENTAL 


Hexosamine was determined by the Boas method, Dowex 50 treatment 
being omitted (9), uronic acid by the carbazole method (10), N-acetyl- 
hexosamine by the borate (11) and the sodium carbonate methods (12), 
reducing sugar by a ferricyanide method (13), and phosphate by the Fiske 
and Subbarow method (14). 

* This work was supported by grants from the National Heart Institute, United 
States Public Health Service (No. H311), the Helen Hay Whitney Foundation, and 
the Variety Club of Illinois. 

! The abbreviations used are UDPAG for uridine diphospho-N -acetylglucosamine, 
UDPG for uridine diphosphoglucose, UDPGA for uridine diphosphoglucuronie acid, 
and uridine mono-, di-, and triphosphate, for UMP, UDP, and UTP, respectively. 
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Growth of Streptococci—Group A streptococci (A111) were grown on veal 
infusion broth containing 0.5 per cent glucose.2,_ The methods of inoculation 
have been previously described (15). The pH was maintained at 7.0 to 
7.2 by means of intermittent neutralization with NaOH. After centrifuga- 
tion for 30 minutes at 3000 r.p.m., the cells were washed once with 0.9 
per cent NaCl solution and kept frozen until used. Cells were harvested 
at 5 to 7 hours, since it was found that such cells produce hyaluronic 
acid at a maximal rate. Resting cell suspensions of these organisms in a 
medium of glucose and glutamine (16) formed hyaluronic acid, whereas 
cells grown for 12 to 14 hours did not.’ 

Chromatography of Extracts on Dowex 1 Chloride—The method of elution 
of nucleotides was essentially as described by Strominger (17). The cells 
(490 gm. of wet weight) were extracted with 2 volumes of boiling H.O for 
2 minutes. After centrifugation, the supernatant fluid was filtered through 
Whatman No. 1 paper, the residue was washed with an equal volume of 
water, and such washings were combined with the initial extract. The 
extract (volume, 1250 ml.) was adjusted to pH 7.8 and passed over a 
4.5 X 30 cm. Dowex 1 chloride (X10, 200 to 400 mesh) column which was 
jacketed to allow the circulation of a water-glycol mixture maintained at 
2°. The column was attached to a fraction collector provided with means 
to chill the sample tubes. 

The column flow rate was adjusted to approximately 1.0 ml. per minute, 
and fractions varying from 40 to 80 ml. were collected. After passage of 
the extract over the resin column, the column was washed with H,O until 
the absorbance of the eluate at 260 my was less than 0.1, and then with 
0.01 n HCl until material absorbing in the ultraviolet region had been 
removed. Thereafter, gradient elution was used. 2 liters of 0.1 N NaCl 
in 0.01 n HCl were placed in a 3 liter round bottomed flask used as a 
reservoir which led to a mixing flask containing 2 liters of 0.01 nN HCl. 
Mixing was accomplished by the use of a magnetic stirrer. Subsequent 
additions to the reservoir consisted of 0.2 N NaCl in 0.01 x HCl, followed 
by 0.3 N NaCl in 0.01 nN HCl. The column was finally eluted by both 1.x 
and 4N HCl. Only the substances present in the NaCl-containing eluates 
contained hexosamine and uronic acid. 

Fig. 1 indicates the chromatographic pattern of hexuronic acid and 
N-acetylhexosamines (11). The molar concentrations were calculated 
according to a molar extinction coefficient of 9900 at 260 my, thus assuming 
that all absorption was due to uridine. Individual fractions were pooled 
as indicated; for analyses of these fractions, see Table 1. 


2 The authors are grateful to Mr. H. W. Schoenlein and Mr. A. L. Lane of the 
Difco Laboratories for their cooperation in growing these cells. 
3 Cifonelli, J. A., and Dorfman, A., unpublished observations. 
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Fractions I to IV obviously contained a mixture of compounds which 
has not been resolved thus far. The ultraviolet absorbancy indicates the 
presence of bases far in excess of the carbohydrate components. Unlike 
the results obtained with later fractions, the ratio of the absorbancy at 
275 my to that at 260 my was variable and not the expected 0.6 for uridine 
(18). Fraction I appears to contain a non-acetylated hexosamine, as 
indicated by the values obtained in the Boas procedure compared with 
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Fic. 1. Elution pattern of streptococcus extract from Dowex 1, Cl (10 & 200 to 
400 mesh). 


those obtained by the method of Reissig et al. (11). This fraction also 
appears to contain free N-acetylhexosamine groups, since a considerable 
portion of the color obtained in the method of Reissig et al. (11) is obtained 
before hydrolysis. Of particular interest is the finding of approximately 
equimolar amounts of N-acetylhexosamine and uronic acid in Fraction 
II. Such fractions have been repeatedly observed in different prepara- 
tions, and it is to be noted that they are chromatographically widely 
separated from the only other fractions (XI to XIII) containing uronic 
acid. 

Fractions III and IV appear to contain compounds of a new hexosamine 
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suggested that Fractions XII and XIII might contain UDPGA. Paper 
chromatography revealed a component with a mobility between that of 
UMP and UTP (similar to UDP) in the neutral acetate solvent. Fraction 
XI gave a total phosphate value corresponding to three phosphates per 
uronic acid unit. However, after this fraction as well as the next two 


UTP 

UMP " = 

UDPAG * = 
VI-F6 x 
VI-F4¢ « 
XI-2 

xXI-2B « = 

XIIB- 2A « 


Fic. 2. Paper chromatogram of purified fractions. Chromatography on Whatman 
No. 1, neutral acetate solvent (20), ascending method. 


TaBLeE II 
Composition of Purified Fractions 
The values are given in micromoles per ml. 


Ch H V-Acetyl Reduci ssa 
Fraction No. | Uridine | amine* | hexosamine 'Utonic acid | 

Labile Total 
VI-F6 0.93 0.34 0.95 0 0.92 0.96 2.20 
VII-F4 1.42 0.68 1.50 0 1.50 1.44 3.20 
XI-2 0.80 0 0 0.78 0.81 1.90 
XI1-2B 1.15 0 0 1.16 1.10 2.50 
XIIB-2A 1.90 0 0 2.1 1.50 1.80 4.00 


* Maximal at 510 mu. 


t Method of Park and Johnson (13). Hydrolysis for 30 minutes with 0.03 n HCl; 
N-acetylglucosamine and p-glucuronolactone were used as standards. 


fractions were applied to paper and developed in neutral acetate solvent 
in the cold, spots were isolated (lig. 2) which indicated the presence only 
of UDPGA (Table II). 

Further identification of these fractions was based on the enzymatic 
formation of O-aminophenylglucuronide by the transfer of glucuronic 
acid from UDPGA to O-aminophenol according to the method of Dutton 
and Storey (3). The extent of conversion indicated in Table III suggests 
that the nucleotide fractions are reasonably pure as isolated by paper 
chromatography. The isolation of UDPGA from streptococcal extracts 
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is of some interest in that previously it had been isolated only from mam- 
malian tissues, where it had been demonstrated to be involved in glucuro- 
nide synthesis. 


III 
Conversion of UDP Glucuronide-Containing Fractions 


to O-Aminophenylglucuronide 


O-Aminophenyl- 
Fraction No. Glucuronic acid content | glucuronide formed, Conversion 
corrected 
per ml. per ml per cent 
X1-2 | 27 32.6 82 
XIITIB-2A | 27 25.2 64 
Water blank | 0 1.6 
o——o YI-F6 HYDROLYSATE 
x x GLUCOSAMINE STANDARD 
J 
os 
O10r 
5 f 
0.05 
x 


460 480 500 520 540 560 580 
WAVELENGTH 
Fic. 3. Absorption spectra of chromogens produced in Elson-Morgan reaction 
from glucosamine and unknown amino sugar. O, Fraction VI-F6 hydrolysate; x, 
glucosamine standard. 


UDPA Derivative of New Amino Sugar—It was noted previously that 
Fractions III and IV contain an amino sugar which upon reaction with 
the Elson-Morgan reagents produced an absorption spectrum differing 
from that produced by glucosamine or galactosamine (Fig. 3). Fractions 
VI and VII also contained the amino sugar with the absorption maximum 
at 510 mu. The analytical data (Table II) indicate the presence of a 
nucleotide which travels as rapidly as UDPAG on the chromatogram 
(Fig. 2). Hydrolysis for 30 minutes with 0.03 Nn HCl yielded a substance 
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which gave an absorption spectrum in the Morgan-Elson reaction identical 
with that given by N-acetylglucosamine. Further hydrolysis with 1 n 
HCl for 3 hours produced the amino sugar which in the Elson-Morgan 
reaction showed an absorption maximum at 510 mu. 


Separation of the N-acetyl amino sugar obtained from the nucleotide | 
after hydrolysis was accomplished by means of paper chromatography 


with the neutral acetate solvent as well as by chromatography on Dowex 1 
formate and elution with 0.1 to 1.0 N formic acid. 

In addition to the differences shown in Table IV, the N-acetyl amino 
sugar obtained from Fractions VI and VII showed various other properties 
which distinguish it from N-acetylglucosamine. Similar to the acetyl 
amino sugar isolated by Park (21), the present acetyl amino sugar migrated 


more rapidly than N-acetylglucosamine in several solvents. Unlike 


TABLE IV 


Comparison of Color Reactions of Glucosamine 
and Unknown Amino Sugar 


Reaction N-Acetylglucosamine | Unknown amino sugar 
| 
Hexosamine (Boas (9))........| 1.0 (Maximal 535 my) 0.4 (Maximal 510 my) 
N-Acetylhexosamine (Aminoff 
N-Acetylhexosamine (Reissig 


N-acetylglucosamine, this compound moved as an acidic substance on | 


paper ionophoresis. In contrast to N-acetylglucosamine, the acety! 


amino sugar is retained by Dowex 1 formate. Both compounds are 


adsorbed by Norit, but the new acetyl amino sugar is eluted only slowly 
with 40 per cent ethanol containing 0.01 n HCl, whereas N-acetylglucos- 
amine is readily eluted by 5 to 10 per cent ethanol. 


DISCUSSION 


The discovery of the existence of uridine nucleotides containing N-— 


acetylhexosamines (2) and glucuronic acid (3), together with the demonstra- | 


tion of the role of uridine nucleotides in the synthesis of sucrose, trehalose 
phosphate, and lactose, has led to the suggestion that these substances 
are involved in the biosynthesis of mucopolysaccharides (17). Direct 
evidence for this postulate has so far been limited. Glaser and Brown (8) 
have claimed that extracts of Rous sarcoma bring about the incorporation 
of C™ in hyaluronic acid when UDPAG labeled in the acetyl group was 
utilized as a precursor. The radioactivity of the hyaluronic acid, however, 
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was lost to a considerable extent upon dialysis. That actual incorporation 
of radioactivity in the hyaluronic acid occurred was claimed in view of 
the presence of C™ in oligosaccharides prepared from the hyaluronic acid 
by treatment with hyaluronidase, followed by separation on paper chro- 
matography. Experiments in this laboratory utilizing an enzyme prepara- 
tion obtained from group A streptococci also showed minimal incorporation 
of C™ from C-labeled acetate and C-labeled N-acetylglucosamine-6- 
phosphate. As in the experiments of Glaser and Brown, repeated purifica- 
tion of the hyaluronic acid resulted in decreasing isotope concentrations. 

Because of the difficulties of the direct demonstration of the utilization 
of UDPAG and UDPGA in hyaluronic acid synthesis, a search for other 
possible intermediates seemed in order. The data presented in this 
paper indicate that, although UDPAG and UDPGA are present in extracts 
of streptococci actively forming hyaluronic acid, other substances con- 
taining both uronic acid and hexosamines are present. Of interest is the 
fact that all of the compounds containing uronic acid and hexosamine were 
eluted from the Dowex column by 0.01 N HCl and varying concentrations 
of NaCl. No evidence was found for the presence of a UDPAG-phosphate 
such as that reported in oviducts by Strominger (17). 

Fractions containing both hexosamine and uronic acid have been ob- 
served regularly to be eluted at low saline concentrations (Fractions II, 
III, and IV), but the analyses have not been consistent with those of 
simple nucleotides. Further attempts at identification and purification 
of these fractions are now in progress. 

The peculiarities of behavior of the acidic amino sugar in the Elson- 
Morgan and Morgan-Elson reactions are summarized in Table IV. It is 
apparent that two important differences in behavior from N-acetylglucos- 
amine are observed. When NasCQs; is used in the Morgan-Elson reac- 
tion, a smaller color yield is obtained with V-acetylglucosamine, although 
in the presence of borate similar color yields are obtained from both com- 
pounds. This has already been noted by Reissig et al. (11). Jeanloz 
and Trémége (22) have pointed out that the enhanced color yield in the 
presence of NasCO; is a function of substitution of glucosamine at position 
3. The second difference is a shift in the spectrum of the chromogen 
obtained in the Elson-Morgan reaction. 

These anomalies have now been studied in greater detail in this labora- 
tory.2 It has been found that other glucosamine compounds substituted 
at position 3, hyalobiuronic acid (23), the unsaturated disaccharide (24) 
produced by the action of streptococcal hyaluronidase on hyaluronic 
acid, and 3-methylglucosamine (obtained through the courtesy of Dr. 
Roger W. Jeanloz) all demonstrate both of these anomalies. 

It thus appears reasonable that this behavior is characteristic of hexos- 
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amines substituted at position 3. These results suggest that the unidenti- 
fied nucleotide contains an acetylhexosamine substituted at position 3. 

Strange and Dark (25) have recently reported the presence of an amino 
sugar with similar properties in spores of Bacillus megatherium. In 
view of the isolation of propionic acid after reduction with HI and red 
phosphorus, and the presence of lactic acid by the Barker and Summerson 
method, Strange (26) has suggested that this compound is 3-O-a-carboxy- 
ethyl hexosamine. The presence of an amino sugar with similar properties 
in bacteria] cell walls has been indicated also by Cummins and Harris (27). 

In view of the presence of this amino sugar in nucleotides obtained from 
streptococci, preliminary studies of its presence in streptococcal cell walls 
have been undertaken. Large amounts of this substance have been 
found. Previous studies by McCarty (28) have shown that the cell wall 
of streptococci contains the group-specific polysaccharide. 

It is of particular interest that this new amino sugar present in cells 
appears to be a hexosamine substituted at position 3; the structure is 
analogous to the substitution at position 3 in the capsular polysaccharide, 
hyaluronic acid. 


SUMMARY 


1. A variety of uridine nucleotides has been demonstrated in extracts of 
group A streptococci. Uridine diphosphoglucose, uridine diphospho-N- 
acetylglucosamine, and uridine diphosphoglucuronic acid have been 
identified. 

2. An additional uridine nucleotide containing what appears to be a 
hexosamine substituted at position 3 has been isolated. 

3. The acidic hexosamine substituted at position 3 is apparently identical 
with that previously described by Park (21), Strange and Dark (25), and 
Cummins and Harris (27). 

4. Other fractions containing uronic acid and hexosamine have been 
demonstrated but not yet identified. 
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PEPTIDASES AND ALKALINE PHOSPHATASES 
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Unique methods of separation and purification of certain peptidases and 
alkaline phosphatases of swine kidney have been developed in this labora- 
tory (1, 2). Many procedures suitable for small scale production were 
developed, but it became apparent that the order of purification was such 
that rather large scale preparative procedures must be undertaken if 
amounts sufficient for characterization were to be produced. We have 
turned to procedures involving in a single run up to 100 pounds of kidney 
tissue. These larger scale procedures have resulted in an essentially 
quantitative recovery of the activities and are almost as efficient as the 
procedures for smaller amounts of tissue (1 to 10 pounds of kidney tissue). 


Materials and Methods 


Fresh swine kidneys were obtained from the local slaughterhouses and 
were stored in a freezer until used. All reagents were ‘“‘pure’”’ grades or 
better, but, because of the large consumption of materials, the least expen- 
sive reagents permissible in the procedures were used. Stainless steel 
equipment was used as much as possible. 

Assays of activity were as follows: Alkaline phosphatase by the procedure 
of Morton (3), various peptidases by the titration of Grassman and Heyde 
(4), and cysteinylglycinase by the procedure of this laboratory (5). Ni- 
trogen in the samples was determined as total nitrogen by micro-Kjeldahl 
procedures. 

Specific activities are defined as follows: For leucinamidase, the first 
order constant, A,, was calculated in minutes and common logs. Specific 
activity was given by the “proteolytic coefficient”? C,, where C; = K,/E 
and /) was the total N in mg. ‘Total units were calculated by the product 
C; X total N in mg. The concentration of substrate (leucinamide) was 


* These studies have been supported by grants from the Rockefeller Foundation, 
United States Public Health Service (National Heart Institute), and Eh Lilly and 
Company. We are indebted to Anna Janisch, J. K. Fisler, Carmen Torres, Grace 
Shumpert, and kmily 8S. Binkley for assistance. C. K. Olson was responsible for 
much of the development of the small scale methods. 


559 


| 


560 PEPTIDASES AND PHOSPHATASES 


0.05 m in Tris (tris(hydroxymethyl)aminomethane) buffer, 0.05 m and pH 
8.0 to 8.3. The concentration of manganous ion was 0.001 M; no effect of 
preincubation with metal ion could be demonstrated at any step in our 
procedures, but the activities were entirely dependent upon the presence 
of suitable divalent metal ions. For alkaline phosphatase, the unit was 
defined (3) as the amount of enzyme which liberated 1 y of phosphorus (as 
inorganic phosphate) per minute at 38° when the concentration of sodium- 
B-glycerophosphate was 0.02 M, the concentration of magnesium ion was 
0.005 m and the pH was 9.5 (ethanolamine-HCl buffer, 0.02 mM). Specific 
activity was defined as units per mg. of total nitrogen. All dilutions of 
enzymes were made with dilute sodium hydroxide, pH 9.5. For cysteiny]- 
glycinase, the unit was defined as the amount of enzyme which hydrolyzed 
half the substrate (0.02 m) in 15 minutes at pH 8.0 to 8.3 in Tris buffer 
(0.03 m) and with 0.001 mM manganous ion. All dilutions of enzyme were 
made with 0.01 m Tris buffer. Specific activity was defined as units per 
mg. of total nitrogen. Other peptidase activities were defined in terms of 
their proteolytic coefficients. 


EXPERIMENTAL 


Preparation of Digests—10 pound lots of kidney tissue were ground in a 
meat grinder while frozen and the ground material was homogenized with 
acetone at room temperature in a blendor of 1 gallon capacity. About 
4 gallons of acetone were used for each 10 pounds of kidney tissue. After 
2 to 3 hours and up to 24 hours, the homogenate was filtered with large 
Biichner funnels and the material on the filter was washed with acetone. 
The material, while still wet with acetone, was mixed with a mechanical 
stirrer into 10 liters of 0.1 mM sodium chloride and 0.1 mM sodium bicarbonate. 
200 ml. of chloroform and 200 ml. of toluene were added and on each of the 
Ist 3 days of digestion 1 gm. of crude protease (Worthington) and 5 gm. of 
crude pancreatin were added. The mixtures were stirred thoroughly each 
day for 1 week and the digestion was permitted to proceed for 2 weeks at 
room temperature. In Table I, the activities in the supernatant solution 
throughout digestion are tabulated. The activities did not decrease but, 
as a matter of fact, increased to a maximal level and remained constant. 
Digests have been permitted to stand for 5 years at room temperature with 
no loss of activity. The choice of proteolytic preparations was purely 
arbitrary; a mixture of trypsin, chymotrypsin, and carboxypeptidase was 
quite satisfactory but too expensive for routine use. Papain (cyanide- 
activated) was effective in the preparation of a suitable digest. The 
proteolytic preparations contained little or nore of the activities under 
investigation and did not contribute to the activity of the digests; massive 
amounts could be added to fully digested material without any increase 
in total activity. In a further study of the resistance of the activities to 
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proteolytic digestion, samples of the digests were treated with 1 M urea and 
1 m guanidine (at pH 8) and with relatively massive amounts of trypsin, 
chymotrypsin, carboxypeptidase, crude protease (Worthington), crude 
pancreatin, and crude papain; there was no loss of ac ovaty over that of 
the undigested controls. 

After a minimum of 2 weeks of digestion, the digests were filtered and 
the crude filtrate was stored at room temperature. In the procedure to 
this stage approximately 100 pounds of kidney tissue was processed weekly 
with a yield of about 30 gallons of crude filtrate. 

Fractionation with Ethanol—10 gallon batches of crude filtrate were 
placed in a 25 gallon stainless steel pot equipped with a mechanical stirrer 


TABLE | 
Release of Activities by Proteolysis 
Assays as described in the text were performed on the days indicated on several 
digests; the results are averages. Individual digests have been found to vary as 
much as 30 per cent from these figures. 


Day No. Leucinamidase Cysteinylglycinase Phosphatase 
| unil per ml. units per ml. units per ml. 

2 0.50 23 76 

3 40 90 

5 0.80 46 110 

7 38 117 

Ss 0.83 42 126 

9 36 137 

12 0.80 
14 40 138 


and cooling coils. The filtrate was adjusted to pH 7.5 to 7.8, cooled to 
about 5°, and 5 gallons of ethanol saturated with sodium bicarbonate and 
cooled to 0° in a freezer were added to the cooled filtrate. After 30 minutes 
of stirring, the mixture was run at maximal feed through a Sharples super- 
centrifuge (driven by electric motor and equipped with a stainless steel 
clarifying bowl); the supernatant solution was collected and the precipitate 
discarded. The solution was pumped into the original pot, cooled to 5°, 
and an additional 7 gallons of ethanol were added. After 30 minutes, the 
mixture was run through the Sharples supercentrifuge at a low rate of feed 
and recycled if necessary to achieve complete clarification. The precipitate 
was collected and dissolved in about 4 liters of 0.01 mM potassium bicarbo- 
nate. A second fractionation with ethanol was possible at this stage. To 
the 4 liters of solution were added 2 liters of cold ethanol and the precipi- 
tate was removed by centrifugation (model PR-2 refrigerated centrifuge, 
International Equipment Company); this precipitate contained little or 
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no activity. An additional 2 liters of ethanol were added to the super- 
natant solution; the precipitate was removed by centrifugation and dis- 
solved in about 1 liter of water. The insoluble material was removed by 
centrifugation and was discarded. The procedure to this point is sum- 
marized in Table II. 

Further Purification of Peptidases—The peptidase activities were con- 
centrated into two major fractions by a procedure involving magnesium 
ion.! To the material from the second fractionation with ethanol was 
added sufficient magnesium acetate to make the solution 0.1 mM. The 
solution was cooled to near 0° and concentrated ammonium hydroxide 
was added dropwise and with stirring until the pH reached 9.3 (glass elec- 
trode). After 30 minutes at 0°, the precipitate was removed by centrifu- 
gation and discarded; most of the color of the solution was removed at 


TABLE II 
Preparation of Crude Concentrate 
Consult the text for methods of assay and description of fractions. 


Leucinamidase | Cysteinylglycinase | Phosphatase 
Fraction Volume Total N | | 
Total units units) | Total units | 
Crude digest...) 32,000 5.6 | 25,600 | 0.14 | 900,000 5 3,600,000 20 
Ist ethanol..... 4,000 1.1 28,000) 6.9 960, 000, 22 | 3,700,000 164 
2nd 1,200 1.6 | 22,000) 11.1 730,000 380 3,100,000 1630 


this stage. 200 ml. of cold ethanol were added for each 1000 ml. of super- 
natant solution; the precipitate, removed by centrifugation, was dissolved 
in about 300 ml. of water and neutralized to pH 7.5 by the addition of 
dilute acetic acid. This fraction contained practically all the leucinamidase 
activity. 600 ml. of cold ethanol were added to the supernatant solution 
remaining from the precipitation of the leucinamidase activity; the pre- 
cipitate was removed and dissolved in 300 ml. of water. This solution 
contained practically all the glycylglycinase activity ;? the cysteinylglycinase 

1 A number of procedures have been evolved for separation of the peptidases by 
precipitation with divalent metal ions. Separations may be achieved by varying the 
concentration of divalent metal ion, pH, and concentration of ethanol. Procedures 
involving magnesium, zinc, barium, and calcium ion have been worked out. (Bell, 
F. k., and Binkley, F., to be published.) 

2 This crude concentrate was found to hydrolyze leucylglycine (with manganous 
ion) with a Co value of well over 8000. This leucylglycinase was easily separated 
from the glycylglycinase by precipitation with zine ion at pH 10. Another leucy!- 
glycinase (Cy about 60,000) was associated with the leucinamidase activity. 
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activity was rather evenly divided between the two fractions (Table 
III). 

For further purification the two solutions of peptidases were treated in 
a more or less identical manner. The solution of leucinamidase should be 
processed without delay; a gradual loss of activity is often observed at 
this stage. If loss of activity does occur, activity may be recovered for 
assay purposes by permitting the material to act upon a protein for 24 to 
48 hours; insulin and chynjotrypsin are suitable protein substrates for the 
recovery of activity. The activity may fall to as low as 5 or 10 per cent 


III 

Preparation of Crude Peptidases 
The specific activities are expressed as units per mg. of total nitrogen. Leucin- 
amidase activity is expressed as the first order proteolytic coefficient (C,), glyeyl- 
glycinase activity is expressed as the zero order proteolytic coefficient (C»), and 
cysteinylglycinase activity is expressed as arbitrary units which may be roughly 
converted to Co units by multiplying by 4. 


| Leucinamidase | Cysteinylglycinase | Glycylglycinase 
| Total Specific —- Total Specific | Total | Specific 
| | activity | activity | activity | activity | activity activity 
2nd ethanol.......... 1200 | 22,000 | 11.1 730,000 380 840,000 410 
3rd ethanol, 0.0-0.2......; 300 | 25,800 30.8 310,000 810 | Nil | 
Kaolin, chloroform-oc-_ | | 


| 
| 
| | 


| 450 23,000 270 310,000 | 
4th ethanol, dialysis...... 100 21,000 390 290,000 5800 | 
3rd ethanol, 0.2-0.8...... 300 | Nil | 420,000 1600 880,000 3,750 
Kaolin, chloroform-oc-— | | | | 
yxks 350 400,000 | 5500 860,000 14,000 


4th ethanol, dialysis... 400,000 8000 | 830,000 17,000 


of the original level and be restored by such procedures. ‘The solutions 
were digested at pH 8 in Tris buffer and at room temperature with 5 to 10 
mg. of protein per ml. of solution for 24 to 48 hours. The activity often 
rose to values greater than the original level. Mixtures of amino acids or 
of simple peptides were not effective. The regeneration of the peptidases 
Was a time-dependent reaction and was accompanied by a release of amino 
acids from the protein. This “regeneration” of activity is of considerable 
interest to us and further studies will be made. It should be mentioned 
that Robinson and coworkers (6) observed that a preparation of an amino- 
peptidase of swine kidney increased remarkably in activity during storage 
over a period of several months. The solution containing glycylglycinase 
is quite stable and no particular care need be taken. 
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lor further purification, 15 gm. of kaolin (fullers’ earth) were added for 
ach LOO mil. of solution. The mixture was shaken at room temperature 
for 30 minutes and was centrifuged. The supernatant solution was sub- 
jected to an exhaustive application of the technique of Sevag ef al. (7) for 
the removal of protein. An equal volume of a mixture of chloroform and 
octanol (95 and 5 parts, respectively, by volume) that had been washed 
with a solution of saturated sodium bicarbonate and with water was added 
to the supernatant solution; the mixture was shaken as vigorously as possi- 
ble at room temperature for 30 minutes and then centrifuged at the high- 
est permissible speed in a size 2 or model PR-2 International centrifuge. 
The supernatant solution was removed by suction and submitted to addi- 
tional treatments until little or no emulsion was formed in subsequent 
treatments. The emulsions were washed serially with enough water to 
maintain the original volume of the solution. The active material was 
then precipitated by the addition of ethanol; the leucinamidase group of 
activities was precipitated upon the addition of 60 ml. of ethanol per 100 
ml. of solution. 100 ml. of ethanol per 100 ml. of solution were required 
for the precipitation of the glycylglycinase group of activities. The pre- 
cipitates were dissolved in 50 to 100 ml. of water and dialyzed against 
dilute sodium hydroxide (pH 9) containing 0.001 M magnesium acetate for 
not more than 8 hours. If the specific activities were much below those 
given in Table III, treatment with decolorizing charcoal prepared accord- 
ing to Morton (3) at the rate of 5 gm. per 100 ml. of solution and treatment 
with infusorial earth (15 gm. per 100 ml. of solution) served to increase the 
specific activity to the indicated levels.4. However, the values given are 
average; in isolated runs, the specific activities have been 2 or 3 times 
greater than reported here. The further purification and partial separation 


’This procedure may be applied at any stage and will reduce the apparent con- 
centration of protein to a minimal value. However, upon further concentration of 
the material additional protein may be removed by application of the procedure. 
We now delay the application of this procedure to the final stages of the preparation 
of the crude concentrates. At any stage, the removal of protein by such procedures 
does not reduce the activity but greatly increases the lability of the preparations 
to further purification. Semenza (8) has reported that preparations of peptidases, 
considered by him to be protein in nature, become labile to treatment with chloro- 
form. However, we have found that crude material may be treated with boiling 
acetone without loss of activity and without increase in sensitivity toward chloro- 
form. Magnesium or zine preparations of the peptidases may be removed from 
concentrated solutions by this procedure but may be extracted from the emulsions in 
a fully active state; considerable purification may be achieved in this manner but the 
procedure is too laborious to be of practical value. 

‘If necessary, the material may be recycled through the procedure with mag- 
nesium ion, ammonium hydroxide, and ethanol with little or no loss of activity. 
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of the great variety of peptidases® in these two solutions by application of 
ion exchange chromatography will be described in part in the near future. 

Further Purification of Alkaline Phosphatases—Considerable time and 
effort has been expended in attempts to prepare the phosphatases and pep- 
tidases from the same digest; many partial successes have been obtained 
but, to this date, it is more convenient to sacrifice the phosphatases for 
the peptidases and vice versa. The phosphatases may be obtained from 
the fractions obtained with ethanol by a procedure involving barium ion. 
To 4 liters of the first ethanol fraction at 0° were added 1200 ml. of 0.1 M 
barium acetate corrected to pH 9 by the addition of barium hydroxide. 
1500 ml. of cold ethanol were added and the precipitate was removed by 
centrifugation and either discarded or retained for peptidases. Approxi- 
mately 10 liters of cold ethanol were added to the supernatant solution and 


TABLE IV 
Preparation of Crude Phosphatases 


Fraction | Volume | Total units Specific activity 
ee | ml. | units per ml. units per mg. N 
SS 2,600 3,100,000 1,630 
| 120 | 25,000 3,000,000 14,000 
Dewenx 2-acetate.................. | 400 | 6,500 2,600,000 72,000 
Chloroform-octanol, dialysis... ... | 60 36,600 2,200,000 140,000 


the precipitate was collected with the Sharples supercentrifuge. The pre- 
cipitate was dissolved in 400 ml. of water and the solution was subjected 
to exhaustive treatment by the procedure of Sevag et al. (7) as outlined 
above. The supernatant solution was subjected to a second treatment 
with barium acetate and ethanol, the precipitate was dissolved in 100 ml. 
of water, and the solution was dialyzed against 0.001 mM barium acetate for 
10 to 24 hours at 0°. A typical procedure is summarized in Table IV; in 
this case the second ethanol fraction of Table II was used as starting ma- 
terial. 

Ion Exchange Purification of Alkaline Phosphatases—An extensive puri- 


> Amino acid esterases are found in the concentrates. Such activities are scarcely 
detectable in the crude digests but are concentrated along with the peptidases. It 
is not yet clear whether or not these esterases are identical with the peptidases but 
it is clear that such activities are specific for amino acid esters and are not due to the 
proteolytic enzymes used in the preparation of the digests. These esterases required 
divalent metal ions for activity (Shippey, 8. 8., and Binkley, F., to be published). 
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fication was obtained by treatment with Dowex 2, 200 to 400 mesh, acetate 
form. <A large column about 5 cm. in diameter and 20 cm. in height was 
prepared. The solution described above was added in batches of about 
1,000,000 units; the column was washed with several hold back volumes 
of water and, finally, the activity was eluted in a frontal manner with 
0.01 mM sodium chloride. The active eluates were combined and were con- 
centrated to about 100 ml. by the procedure involving barium acetate as 
described above. ‘This solution was dialyzed as described above. The 
final solution represented an over-all purification of about 7000-fold from 
the crude digest. As will be described in future reports, further purification 
and the separation of a variety of activities is possible. 
DISCUSSION 

The products described here are to be regarded as crude concentrates of 
the peptidases and alkaline phosphatases of swine kidney. Insofar as the 
peptidase concentrates are concerned, all peptidases tested for have been 
found in high concentration and, indeed, in all cases tested the specific 
activities are well beyond any values reported in the literature to date. 
Leucinamidase activity, described as leucinaminopeptidase, has been re- 
ported as homogeneous with a C; value of 80 or slightly greater (9), whereas 
concentrates have been prepared with C; values of 390 (Table III) and 
greater; however, there is no evidence that the activity we are measuring 
is identical with that previously described. The alkaline phosphatases of 
calf intestine have been reported in a more or less homogeneous condition 
(3) with a specific activity of 80,000 or slightly greater, whereas our crude 
concentrates have nearly twice this activity (Table IV); there appears to 
be no report of a comparable preparation of renal phosphatases. Although 
the methods of assay are not strictly comparable, the preparation of Robin- 
son and coworkers (6) appears to approach our crude concentrates in the 
hydrolysis of glycylglycine. However, our material is inactive in the 
absence of divalent metal ion (Cott). Many-fold more active preparations 
of cysteinylglycinase have been described in brief reports from this labora- 
tory (1, 2); such preparations were obtained from ion exchange columns. 

These crude concentrates respond to the method of Lowry et al. (10) for 
protein and to methods for the detection of pentose (ribose), nucleotides, 
and hexosamines. The absorption in the ultraviolet is characteristic of 
nucleotides. A crude concentrate of leucinamidase activity (C; about 
450) and cysteinylglycinase activity (specific activity about 8000 units) 
(Table III) was found to have a minimal absorption at 235 my, a maximal 
absorption at 260 my, and the 260:280 ratio was 1.65. The other concen- 
trate of peptidase activity was found to have similar absorption in the 
ultraviolet region. The results obtained with materials described here or 
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obtained to date with much more highly purified materials do not permit 
an unequivocal decision as to the nature of the groupings essential for the 
activities; such a decision will rest upon careful degradation of highly puri- 
fied materials. It should be mentioned that the usual electrophoretic 
methods (free solution, paper, or continuous flow) have failed to separate 
the great variety of activities present in the concentrates. ® 


SUMMARY 


Crude concentrates of peptidases and alkaline phosphatases of swine 
kidney have been prepared by methods involving prolonged proteolytic 
digestion and procedures for the removal of protein. Two peptidase frac- 
tions have been obtained on the basis of fractionation with magnesium ion; 
the first fraction was characterized by leucinamidase activity and the 
second fraction was characterized by glycylglycinase activity. A concen- 
trate of alkaline phosphatase representing a purification of over 7000-fold 
was separated from the peptidases by a procedure involving barium ion. 
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6 In continuous flow paper electrophoresis (Spinco model CP) it was possible to 
obtain some indication of separation of leucinamidase, cysteinylglycinase, and the 
alkaline phosphatases at pH values near 9. However, it has not been possible to 
separate cysteinylglycinase, leucylglycinase, and glycylglycinase by such procedures. 
In free-solution electrophoresis, the crude concentrate of these activities migrated 
as a single component with no evidence of inhomogeneity at pH values ranging from 
7to%. The component was removed from the cell and was found to have the same 
specific activities as the material placed in the cell. Since further extensive purifi- 
cation and separation were possible, one must conclude that electrophoretic tech- 
niques are of limited value with these activities. 
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THE EFFECT OF VITAMIN D UPON BONE MINERALIZATION 
OF Ca*® AND Sr§* AS CHLORIDES AND 
AS PHOSPHOPEPTIDES*T 


By H. PATRICK anp J. A. BACON 


(From the University of Tennessee-Atomic Energy Commission 
Agricultural Research Program, Oak Ridge, Tennessee) 


(Received for publication, February 4, 1957) 


An organie compound containing 5.86 per cent phosphorus and 11.9 per 
cent nitrogen was isolated (1) from the tryptic digest of bovine milk casein. 
Further study (2) suggested that, since serine was the only hydroxyamino 
acid in the compound, it appeared likely that phosphoric acid was bound 
to the hydroxy group of this amino acid. A serine phosphoric acid was 
prepared directly from casein (3) and phosphoserylglutamic acid was 1so- 
lated (4) from phosphopeptones. A phosphopeptone was also isolated (5) 
from bovine milk casein. The first detailed description of a suitable pro- 
cedure for preparation of phosphopeptone was outlined by Rimington (6). 
A modification of this method (6, 7) was made by Mellander (8), who ob- 
tained a concentrate of calcium phosphopeptones from bovine and human 
milk casein. A water-soluble organic factor (9) which was found in casein 
and which influenced bone mineralization in chicks has been reported. 
The influence of this factor could be destroyed by dialysis or upon hydroly- 
sis With Rhozyme P-11, a proteolytic enzyme. 

The following experiments were designed to study the biological rela- 
tionship of vitamin D to utilization of the radionuclides Ca*® and Srs* in 
the form of Ca* or Sr*’ phosphopeptides by chicks and rats. 


EXPERIMENTAL 


Albino rats (Rockland strain) used in these studies were obtained from 
a colony which received a vegetable protein (peanut meal) type ration de- 
ficient in vitamin D and vitamin By (Table I, Ration I). The mothers 
were placed on this ration 7 days after mating and were kept on it until 
the young were weaned at 28 days of age. The weanling rats were divided 
into two groups of twenty-four each. One group was continued on Ration 


* This manuseript is published with the permission of the Direetor of the Uni- 
versity of Tennessee, Agricultural experiment Station, Knoxville, Tennessee. 

+ The radioactive materials used in this work were obtained from the Oak Ridge 
National Laboratory on allocation from the United States Atomic Mnergy Commis- 
sion. This work was completed under contract No. AT 40-1-GEN-242 between the 
University of Tennessee, College of Agriculture, and the Atomie nergy Commission. 
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I and the other on Ration I plus 150 i.u. of vitamin Ds; per 100 gm. of ra- 
tion for 2 weeks. They were then placed in metabolism cages (10), con- 
tinued on their respective rations, and given the radionuclides orally as 


TABLE I 
Experimental Rations 


Ration I | Ration II 
| Ibs. | lbs. 

20.9 
30 
Peanut meal (44% solvent)................. 25 
Vitamin A 0.1 | 
Dicalcium phosphate....................... 1 
Penicillin (6 mg. per lb.).................... | 0.1 
Vitamin By (6 mg. per Ib.).................. | | 0.1 
Riboflavin, 2 gm. per lb., calcium pantothe- | | 

nate, 4 gm. per lb., niacin, 9 gm. per Ib... 0.1 


II 
Relation of Vitamin D in Rats to Response of Ca*® and Sr§* Phosphopeptides 


| Radionuclide* Per cent radionuclide 


Group No. _ Supplement to Ration I | | in femurt 
| | | 
1 | 0.32 + 0.05 
2 | |  phosphopeptideft | 0.41 + 0.11 
3 | Vitamin Ds; | «0.36 + 0.08 
4 | | phosphopeptide 0.42 + 0.09 
5 | None | Cats — 0.50 + 0.12 
6 | | phosphopeptidef 0.66 + 0.08 
7 VitaminD, | “ 0.53 + 0.12 


8 | | phosphopeptidef + 0.16 


* Each rat was given 10 ue. of Sr’? or Ca* orally as indicated. 
t+ Mean plus or minus the standard deviation. 
t Phosphopeptide was prepared as outlined by Mellander (8). 


shown in Table II. 72 hours after receiving the radionuclide the rats were 
killed, the femurs were removed, and the radioactivity was determined. 
The results (Table IT) are expressed as per cent of the original dose found 
per femur. 

The chick study on the nutritional significance of the phosphopeptides 
was made with two groups of fifty day-old white Leghorn cockerel chicks. 
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One group was fed Ration If (Table I), and the other was fed Ration II 
(Table I) plus 300 i.u. of vitamin D; per 100 gm. of ration for 21 days. 
Each group was then subdivided into five groups of ten chicks each, as 
shown in Table III. Each chick was given 10 ue. of Ca* or Sr8% orally 
(Table III), was killed 48 hours after radionuclide supplementation, and 
radioactivity in the tibia was then determined. 

Phosphopeptide preparation 1 was supplied by Professor Olaf Mellander 
and contained 7.01 per cent phosphorus, while the Phosphatide prepara- 
tion 2 was prepared as outlined by Mellander and contained 3.7 per cent 
phosphorus. The method in general was as follows: 4 kilos of purified 
casein were suspended in 65 liters of distilled water, and 100 ml. of chloro- 


TaB_eE III 

Relation of Vitamin D; to Response of Chick to Ca*® or Sr8* Phosphopeptides 

Pen No. Supplement to Ration II Radionuclide* Per = oo 
1 None Cats 1.8 + 0.3 
2 Vitamin D; 3.79 + 1.2 
3 | None ‘* phosphopeptide If 0.9 + 0.4 
4 Vitamin D, 1 3.2 + 0.9 
5 None 2§ 1.1 + 0.5 
6 Vitamin D,; | 2 45+ 1.1 
7 None 12+ 0.5 
8 Vitamin D; 1.8 + 1.5 
8) None ‘* phosphopeptide 2 0.7 + 0.5 
10 | Vitamin D,; 2 | ‘18+ 1.3 


| 


* Each chick was given 10 we. of Sr’? or Ca*® orally as outlined. 
t Mean plus or minus the standard deviation. 

t Phosphopeptide 1 was furnished by Professor Olaf Mellander. 
§ Phosphopeptide 2 was prepared as outlined by Mellander (8). 


form were added to check bacterial growth (large bacilli grew prolifically 
asa contaminant). 16 liters of 0.1 N sodium hydroxide were added slowly 
with mechanical stirring, and, after the casein dissolved, 16 liters of 0.3 N 
hydrochloric acid were added slowly in the same manner. 100 gm. of 
pepsin were dissolved in 500 ml. of distilled water and added to the casein 
solution. The pH was adjusted to 2 each day, and 100 ml. of chloroform 
were added daily. Digestion was performed in a stone jar and the temper- 
ature maintained at 37°. On the 2nd and 4th days of digestion, 100 gm. of 
pepsin were added. After 12 days of peptide digestion, the pH was ad- 
justed to 7.5 with dilute sodium hydroxide. 20 gm. of pancreatin were then 
added, the temperature was maintained at 37°, and the digestion continued. 
3 days after pancreatin was added, an additional 20 gm. were added and 
digestion was terminated 8 days later. The pH was adjusted to 4.6 with 
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glacial acetic acid, and 1650 ml. of saturated lead acetate solution were 
added. The lead peptides were removed by filtration and lead was re- 
moved as lead sulfide. The solution was freed from lead sulfide and the 
peptides (phosphopeptides) were purified by alcoholic washing. They 
were then converted to the calcium or strontium salts. The Ca‘ or Sr’ 
phosphopeptides were prepared by converting the phosphopeptides to the 
desired salts by usage of the desired radionuclide. 


Results 


The nutritional significance of phosphopeptides on Ca* and Sr°° utiliza- 
tion as related to vitamin D is summarized in Tables II and III. The up- 
take of inorganic chloride salts of Ca*®* or Sr*° by rats was not as great as 
the uptake of the organic phosphopeptide form. Vitamin D did not appear 
to play the same role in mineralization of the rat as it does in the chick. 
This is emphasized by the data which show that the inorganic salts in the 
absence of vitamin D are more available to the chick than the organie 
form, whereas in the rat the opposite condition appears. The chick re- 
quires vitamin D for proper absorption of calcium and strontium, whereas 
the rat on a normal mineral uptake does not appear to have the same de- 
gree of need for this vitamin. 


SUMMARY 


The data on Ca* or Sr’* phosphopeptide utilization indicate that the rat 
can utilize Ca*® or Sr’* in the form of a phosphopeptide more efficiently 
than the inorganic salts of these same radionuclides with or without vita- 
min ID in either ration. The use of vitamin D, however, increases the 
efficiency of utilization of Ca‘ and Sr®’ in both the organic and inorganic 
forms in both rat and chick. The chick, however, cannot utilize the Ca® 
or Sr’° in the phosphopeptide form in the absence of vitamin D3 as effi- 
ciently as the inorganic salts in the absence of vitamin D. The nutritional 
importance of vitamin D as an aid in calcium and strontium usage is 
greater in the chick than in the rat. 
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THE EFFECT OF MAGNESIUM DEFICIENCY ON 
OXIDATIVE PHOSPHORYLATION* 


By J. J. VITALE, M. NAKAMURA, anpb D. M. HEGSTED 


(From the Department of Nutrition, Harvard School of Public Health, and 
the Department of Biochemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, April 30, 1957) 


The uncoupling of oxidative phosphorylation in mitochondrial prepara- 
tions by thyroxine and its reversal are now well known (1-6). More 
recently we have shown that high levels of dietary magnesium completely 
prevent the uncoupling effect on heart mitochondria of thyroxine-fed 
animals, and partially overcome the growth inhibition caused by thyroxine. 
Thyroxine thus raises the magnesium requirement. The gross signs ob- 
served in the thyroxine-treated animals were in many respects similar to 
those seen in magnesium deficiency (6). 

These observations suggested that magnesium deficiency alone might 
produce a similar uncoupling of oxidative phosphorylation. The results 
of this present paper demonstrate that such is the case. We have also 
studied the effects of thyroxine injection. The mitochondria of cardiac 
tissue are much more sensitive to the effects of thyroxine administration 
and magnesium deficiency than are those of liver and kidney. 


EXPERIMENTAL 


Twenty-two day-old male rats, obtained from the Charles River Breeding 
Laboratories, Inc., Boston, and weighing approximately 50 gm., were 
placed in individual cages and fed the magnesium-deficient diet previously 
described. At intervals, the animals were killed and the heart, liver, 
and kidneys of each removed for study. The magnesium requirement 
for optimal growth on this diet is approximately 20 to 24 mg. of magnesium 
per 100 gm. of diet. Control animals had sufficient MgO added to the 
diet to supply 24 mg. per cent of Mg. In acute experiments, rats receiving 
the control diet containing 24 mg. per cent magnesium were injected with 
thyroxine, 10 mg. per kilo of body weight, and killed after 10, 15, 30, 
and 180 minutes. In order to study the effects of magnesium, a similar 


* Supported in part by grants-in-aid from the National Cancer Institute (grant 
No. C-1323C4), the National Institute of Arthritis and Metabolic Diseases (grant 
No. 194), National Institutes of Health, Public Health Service, Bethesda, Maryland; 
the John A. Hartford Memorial Fund; the Albert and Mary Lasker Foundation, 
New York; and the Fund for Research and Teaching, Department of Nutrition, 
Harvard School of Public Health. 
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group of six animals received an injection of 10 mg. of magnesium 10 
minutes before the thyroxine injection. These rats were killed 10 minutes 
after the dose of thyroxine. 

Mitochondria of the heart, kidney, and liver were prepared and the 
oxidative phosphorylation efficiency was determined as described pre- 
viously (6). The Warburg vessels contained the following: main com- 
partment, 0.5 ml. of mitochondrial suspension, 0.042 umole of cytochrome 
c, 22.5 pmoles of MgSO,, 6 umoles of adenosine triphosphate (ATP), 40 
umoles of potassium phosphate buffer, pH 7.3, 20 umoles of a-ketoglu- 
tarate, and 4 umoles of Nak’. The side arm contained 5.0 mg. of crystal- 
line hexokinase and 50 uwmoles of glucose. The final volume was made 
up to 3.0 ml. with 0.154 m KCI. The center well contained 0.2 ml. of 
20 per cent KOH. The phosphorus determinations were carried out by 
the method of Taussky and Shorr (7). 


RESULTS AND DISCUSSION 


Magnesium deficiency develops rapidly in young animals. After 4 
days on the deficient diet the typical symptoms of hyperexcitability, 
hyperemia of the ears, and tonic convulsions were seen. At this time 
the P:O of heart mitochondria was approximately half that of the contro! 
animals (Table I). The P:O ratio of liver and kidney mitochondria had 
not changed and values similar to those of the controls were obtained. 
The P:O ratio for heart mitochondria was further decreased after 8 days 
on the deficient diet and a similar value was obtained after 11 days. The 
P:O ratio for kidney and liver mitochondria was probably below normal 
after 11 days and perhaps below normal for the kidney after 8 days. How- 
ever, it is clear that there was much less change in these tissues than in 
the heart in spite of the fact that many animals died of magnesium de- 
ficiency before this time. 

A single injection of 10 mg. of thyroxine per kilo of body weight produced 
a marked fall in the P:O ratio of heart mitochondria within 10 minutes 
(Table II). The effect was still evident, but smaller after 15 minutes, 
and had disappeared within 30 minutes. The group of animals which 
received magnesium injections immediately before the thyroxine showed 
no fall. The P:O ratio of liver mitochondria was evidently slightly af- 
fected within 10 minutes, but no effect was observed after 15 minutes. 
As with magnesium deficiency, the liver is apparently considerably more 
resistant to the uncoupling effect of thyroxine. 

It is obvious that the effects of magnesium deficiency and thyroxine 
excess produce a similar uncoupling of oxidative phosphorylation. Both 
effects are reversible by magnesium administration. Heart mitochondria 
are peculiarly susceptible to both. It has been suggested that the action of 
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thyroxine might be related to its effect on the structural integrity of the 
mitochondria (8, 9). Magnesium may, of course, somehow prevent such 
changes. However, this does not seem to provide an adequate explanation 
for the production of typical magnesium deficiency by continued thyroxine 


TABLE I 


Effect of Magnesium Deficiency on Oxidative Phosphorylation (P:O) of Heart, 
Liver, and Kidney Mitochondria 


-_— —— — 


Heart Liver | Kidney 
No. of days — | 

Control Deficient Control Deficient Control Deficient 

rats rats rats rats rats rats 

4 Qoo(N)* 404 5AS 220 271 | 424 444 
P:0 2.7 1.4 2.8 23 | 2.6 2.4 

8 Qos(N) 334 303 175 183 328 415 
P:O 2.3 1.0 2.5 2.8 2.4 1.9 

11 Qo.(N) | 490 593 156 172 323 327 
P:0O | 2.3 | 1.1 2.8 2.2 | 2.5 2.0 


*Qo.(N) = microliters of O. per mg. of nitrogen per hour. 


TABLe II 


Effect of Injected Thyroxine on Oxidative Phosphorylation (P:O) of Heart 
and Liver Mitochondria 


| Heart (P:O) Liver (P:O) 
Time efter lajection 
Control Treated* Control Treated 
10 2.3 | 1.3 | 2.7 | 2.2 
| (2.3)t 
15 2.4 1.8 | 3.2 | 3.4 
30 2.2 | 2.4 2.9 | 3.1 
180 2.3 2.4 | 


*10 mg. of thyroxine per kilo of body weight were injected intraperitoneally. 
t Average P:0 of five animals injected with magnesium (10 mg. per kilo of body 
weight) 10 minutes before the injection of thyroxine. 


administration, the latter being characterized by low serum magnesium 
values, poor growth, and typical deficiency symptoms (6). 
SUMMARY 


Magnesium deficiency in young rats produced uncoupling of oxidative 
phosphorylation in heart mitochondria within 4 days and a maximal 
effect within 8 days. Liver and kidney mitochondria were much less 
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sensitive to dietary magnesium deprivation and only small decreases in 
the P:O ratio were observed. 

Heart mitochondria are also particularly sensitive to thyroxine ad- 
ministration. A maximal decrease in the P:O ratio was observed within 
10 minutes after a thyroxine injection and lasted less than 30 minutes, 
The uncoupling action of thyroxine was completely prevented by a pre- 
liminary injection of magnesium. 
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LEUCINE AMINOPEPTIDASE 
VII. ACTION ON LONG CHAIN POLYPEPTIDES AND PROTEINS* 


By ROBERT L. HILL? ann EMIL L. SMITH 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders, 
and the Departments of Biological Chemistry and Medicine, University of 
Utah College of Medicine, Salt Lake City, Utah) 


(Received for publication, May 6, 1957) 


The availability of highly purified leucine aminopeptidase (LAP)! from 
swine kidney (3) has made it possible to study the action of this enzyme on 
protein and polypeptide substrates. By analogy with its action on amino 
acid amides and small peptides, the aminopeptidase should possess no 
endopeptidase activity and should hydrolyze only those peptide bonds 
which are adjacent to a free a-amino group (4). Although the greatest 
rate of hydrolysis is observed with N-terminal leucine, the specificity of 
the enzyme is broad and not, as suggested by its name, restricted to leu- 
cine compounds. The rate of hydrolysis should be primarily a function 
of the nature of the side chain of the N-terminal amino acid residue. 
Transpeptidation and transamidation do not occur under optimal condi- 
tions for the hydrolytic reaction (5). 

_ From these considerations the aminopeptidase should be useful for the 
determination of N-terminal sequences of susceptible proteins and peptides. 
In addition, the enzyme should be a suitable reagent for the specific degra- 
dation of complex, biologically active proteins. It has already been re- 
ported that the aminopeptidase will remove a considerable part of the 
N-terminal sequence of mercuripapain without affecting the activity of 
the activated enzyme towards synthetic substrates (6). In contrast to 
this, it has been found that liberation of a few residues from the V-terminal 


* This investigation was aided by research grants from the National Institutes of 
Vealth, United States Publie Health Service. 

Preliminary reports of a part of this work were presented at the Forty-sixth annual 
meeting of the American Society of Biological Chemists at San Francisco, April 
11-15, 1955 (Federation Proc., 14, 226 (1955)) and at the Third International Congress 
of Biochemistry at Brussels, 1955 (1). We should like to acknowledge the valuable 
help of Douglas M. Brown in improving the method of isolation of LAP, and of Mrs. 
Katie Scheffrahn in performing many of the amino acid analyses. 

* Part of this work was performed during the tenure of a Public Health Service 
Fellowship of the National Institute of Arthritis and Metabolie Diseases. 

'The following abbreviations will be used throughout this paper: LAP, leucine 
aminopeptidase, and Tris, tris(hydroxymethyl)aminomethane. Abbreviations for 
the amino acid residues are those suggested by Brand and Edsall (2). 
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end of adrenocorticotropic hormone (ACTH) destroys the hormona) ac- 
tivity (7). 

In order to determine the behavior of leucine aminopeptidase towards 
high molecular weight peptides, the oxidized A and B chains of insulin 
have been used as model substrates. The known structure of these pep- 
tides suggested that they should be susceptible to hydrolysis, particularly 
since they are straight chain compounds which are devoid of a secondary 
structure stabilized by disulfide bonds (8) or strong hydrogen bonds (9). 
The oxidized A and B chains have also served as model substrates for 
determining the usefulness of the enzyme in analysis of N-terminal se- 
quences. 

Insulin and several other proteins have also been tested as substrates. 
In some instances it was possible to determine whether the N-terminal 
residues released from these substances are identical with those found by 
chemical methods. Certain native proteins were found to be more resist- 
ant to the action of the aminopeptidase than uncoiled polypeptides or 
oxidized proteins. 

The present contribution also includes some information on the stability 
of the aminopeptidase in solutions containing denaturing agents since such 
conditions are necessary for the study of some protein substrates. The 
previous method for purification of the aminopeptidase has been improved 
by modifying certain steps in order to obtain better yields and handle more 
material in a single run. 


EXPERIMENTAL 


Preparation of Leucine Aminopeptidase—The procedure for the isolation 
of the enzyme is essentially that described by Spackman, Smith, and Brown 
(3). Only the modifications of the earlier procedure are described below. 

Step 1. Preparation of Acetone-Dried Powder—Large quantities of 
hemoglobin which are often present in aqueous extracts of acetone-dried 
powders can be eliminated by the following procedure. 

After being thawed to a semisolid state, 3000 gm. of whole, frozen kidney 
(freed from excess fat) are coarsely ground in a meat grinder and then 
treated in six portions for 1 minute in a Waring blendor with a total of 
1500 ml. of water. 4500 ml. of 53.3 per cent ethanol at 4° are stirred in 
and the mixture is allowed to stand for at least 1 hour at 4°. 1800 ml. of 
95 per cent ethanol containing 180 ml. of chloroform are then added and 
the mixture is permitted to stand for another 30 minutes, and is then fil- 
tered overnight by gravity through fluted filter paper. The filtrate can be 
used for the preparation of prolidase (10). The insoluble fraction which 
contains the aminopeptidase is added to 2 volumes of acetone at 4°. After 
2 hours (the material can remain overnight at this stage) the insoluble 
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residue is collected on a Biichner funnel and resuspended in an additional 
2 volumes of acetone at 4°. The solid material is collected on a Biichner 
funnel and washed successively with 0.5 volume of acetone, 0.25 volume of 
acetone-ether (50:50, v/v), and 0.25 volume of ether. The well drained, 
fibrous material is rapidly dried by air at room temperature and then in 
vacuo over concentrated sulfuric acid. The yield is about 450 gm. The 
powders can be stored at 5° for at least 8 months without loss of activity. 

Steps 2 and 3 are performed as previously described (3). 

Step 4. Precipitation with MgCl,—If no precipitation occurs after addi- 
tion of the MgCl., the enzyme solution must be adjusted to pH 8 and 
diluted with an equal volume of 0.005 m Tris buffer at pH 8.0. 

Step 5 is performed as described (3). 

Step 6. Acetone Fractionation—With powders prepared by the method 
of the present Step 1, no precipitation occurs at 20 per cent concentration 
of acetone. Active, purified aminopeptidase is consistently precipitated 
with 30 per cent acetone. Refractionation is performed, if necessary, 
between 20 and 25 per cent acetone. 

Step 7. Aging—This step has never been very effective. Although 
some insoluble material is formed when acetone-fractionated enzyme is 
stored at —10° for several weeks, the purification is never great and does 
not improve purification by zone electrophoresis. This step may be omit- 
ted. 

Step 8. Zone Electrophoresis—Final purification of leucine aminopep- 
tidase was achieved by Spackman et al. (3) by electrophoresis on paper. 
Since this technique is limited to the small amount of enzyme that can be 
purified in a single run, zone electrophoresis on starch has been used to 
purify larger quantities of enzyme. 

Enzyme solutions from Step 6 are concentrated by blowing a stream of 
air at the bottom of a dialysis bag containing the solution. Care should 
be taken not to allow any of the enzyme to dry on the upper wall of the 
dialysis tubing. The concentrated solution is then dialyzed against the 
buffer to be used during the electrophoresis. Lyophilization may result 
in considerable loss of enzyme activity. 

The zone electrophoresis apparatus is similar in construction to that 
of Flodin and Porath (11). Assembly and operation of the starch column 
are essentially the same as that described by these authors. Commercial 
potato starch (starch, ¢.p., J. T. Baker Chemical Company) which passes 
a 200 mesh sieve when dry is used as the supporting medium. 

The entire run is performed at 5° in a cold room. A constant tempera- 
ture bath has been recommended but was found to be unnecessary. The 
best purification has been obtained with 0.075 mM Veronal buffer at pH 8.4 
to 8.6 containing 0.005 m MgCl: which must be used in the buffer to insure 
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stability of the enzyme. A vacuum tube, full wave rectifier power pack 
was used. With Veronal buffer about 320 volts were applied, giving 30 
ma. The time used for electrophoresis was either 24 or 40 hours, a better 
purification being achieved with the longer time. 

At the end of the electrophoresis the starch column is removed and the 
enzyme collected with the aid of an automatic fraction collector in 1 to 
2 ml. fractions by displacement with fresh buffer. The displacement need 


INITIAL —e—( INITIAL —e—(C, 
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2.0 —i00 
lJ uJ 
80 © 40 —80 
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20K 40 
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TUBE NUMBER TUBE NUMBER 
Fia. 1 Fic. 2 


Fic. 1. Elution curve of leucine aminopeptidase, initial C; = 8.5, after 40 hours 
electrophoresis on a starch column at 30 ma. with 0.075 M Veronal buffer at pH 8.5 
containing 0.005 m MgCle. 110 mg. containing 150 units of enzyme were applied to 
the column. 1.25 ml. fractions were collected per tube. By pooling Tubes 17 to 
26, 42 mg. of protein with C; = 60 containing 140 units were obtained. 

Fic. 2. Elution curve of leucine aminopeptidase, initial C; = 40, after 43 hours 
electrophoresis on starch column at 29 ma. with 0.075 mM Veronal buffer at pH 8.5 
containing 0.005 m MgCl... 74 mg. of protein containing 472 units were applied to 
the column. By pooling Tubes 12 to 19, 49 mg. of protein were obtained with a C,; = 
96 containing 297 units. 1.5 ml. fractions were collected per tube. 


not be performed in the cold room. When the longer time for electro- 
phoresis is used, the enzyme emerges in the first 8 to 10 ml., thus minimizing 
distortion of the protein zones caused by temperature-induced convection 
during the displacement. 

Separate aliquots from each tube were used for determining protein 
content by the Biicher method (12), and for estimating aminopeptidase 
activity. Typical displacement patterns are shown in Figs. 1 and 2. The 
material used for the experiment of Fig. 1 had an initial coefficient, C, = 
8.5, a rather low value. The total protein applied to the column was 
110 mg. containing 150 units. The electrophoresis was performed for 40 
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hours at 30 ma. The displaced solution from the column was collected 
in 1.25 ml. fractions per tube. The recovery was 42 mg. of protein and 
140 units. By pooling Tubes 17 to 26 inclusive, the final solution con- 
tained 140 units with a C; = 60 

Fig. 2 shows the results with a preparation which was initially more 
active: C; = 40; 74 mg. of protein, 472 units. The run was performed 
for 43 hours at 29 ma. and 1.5 ml. of fractions were collected. The recovery 
was 49 mg. of protein and 352 units. Pooling of Tubes 12 to 19 gave 297 
units with C,; = 96. Thus, material ranging from a purity of 10 to 70 per 
cent can be successfully purified, although the best results are obtained 
when the starting material is at least 20 to 30 per cent pure. 

It may be noted that the yield of protein displaced from the columns 
is only 40 to 80 per cent of that applied. The loss is attributed to an 
irreversible binding of inert protein on the starch, since the flow rate of 
the column is slightly decreased after each run. Because of the decrease 
in flow rate no column is used for more than five to seven runs. The yield 
of units from the column has always been high, approaching 100 per cent. 
However, only 85 per cent of the enzyme is present in fractions with suffi- 
cient purity to be pooled. 

Methods—Assays of enzyme activity were performed as _ previously 
described (4). The first order proteolytic coefficient (C,) was used as an 
index of the purity of the peptidase preparations. In view of previous 
studies (2), it has been assumed that enzyme preparations with a C; = 88 
are 100 per cent pure. Although some preparations gave slightly higher 
C, values, they are not sufficiently different to be significant. In calculat- 
ing the molar ratio of substrate to enzyme, the quantity of enzyme in any 
preparation was corrected to give micromoles of aminopeptidase with a 
C,; = 88. Although the molecular weight of 300,000 previously reported 
for aminopeptidase (3) might be due to aggregation of protein, this value 
has been used in calculating the molar concentration of enzyme. 

Procedures for Degradation Studies—Because enzyme preparations might 
be contaminated with kidney proteinases (although this has been found in 
only one instance), all aminopeptidase preparations are routinely treated 
for 15 minutes with a 500-fold molar excess of diisopropylfluorophosphate at 
40°. Excess reagent is removed by exhaustive dialysis against 0.005 mM 
Tris buffer at pH 8.0 containing 0.005 m MgCls. Enzyme solutions have 
been kept frozen in this medium for months without loss of activity. 
Repeated freezing and thawing do not affect the enzyme. 

The experimental conditions were chosen for optimal stability of the 
aminopeptidase as well as a near optimal rate of hydrolysis. Below pH 7 
the aminopeptidase shows little activity, and above pH 9 it is rapidly 
inactivated, although the optimal action in short experiments is near pH 
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9.1 to 9.3 (4). Therefore, a pH of 8.0 to 8.5 should be used for hydrolysis 
of large peptides in order to insure stability of the enzyme over a several 
hour period. The concentration of MgCl. or MnCl. should be near 0.005 
mM for optimal activity and stability (4). Although the Mnt+-activated 
aminopeptidase is more active than the Mgtt-activated enzyme, it has 
been found that, when MnCl: is used, some manganese dioxide is formed. 
This allows a reversible oxidation-reduction system to be formed which is 
capable of destroying some amino acids, in particular tryptophan and the 
sulfur-containing amino acids (13). For this reason the Mgt+-activated 
enzyme has been used in most of the experiments to be described. 

Unless otherwise stated, hydrolysis with LAP was performed as follows. 
The enzyme was activated for 30 minutes at 40° with 0.005 m MgCl. con- 


taining 0.005 m Tris buffer at pH 8.5. The substrate, in a solution con- | 


taining the same concentration of MgCl. and Tris buffer, was added to 
start the reaction. All the reactions were performed at 40°. Except in a 
few cases, hydrolysis was not allowed to proceed longer than 24 hours be- 
cause of the possibility of bacterial contamination. Hydrolysis was esti- 
mated by ninhydrin determinations (14) on aliquots of the reaction mix- 
ture. 

Paper chromatograms of deproteinized aminopeptidase solutions oc- 
casionally show traces of free amino acids. Most often encountered are 
aspartic acid, leucine, alanine, serine, glutamic acid, and glycine. How- 
ever, these contaminating amino acids do not increase in concentration 
with time. This has been established by analysis of control reaction 
mixtures containing no substrate and incubated at 40° for the same length 
of time as complete reaction mixtures. These amino acids are produced 
very slowly in preparations which are purified to the extent of C,; = 40. 
Thus, as a general precaution, no LAP preparation with a C, less than 40 
is used for sequence studies. After dialysis against 0.005 m Tris buffer at 
pH 8.0 containing 0.005 Mm MgCh, a purified preparation of LAP does not 
produce free amino acids until the solution has been frozen and thawed 
several times over a period of 4 to 5 weeks. In such cases, dialysis will 
remove the amino acids. 

Substrates—Crystalline zine insulin and amorphous zinc-free insulin 
were kindly supplied by Dr. Aleck Borman of The Squibb Institute for 
Medical Research. Oxidized A and B chains of insulin were prepared by 
the procedure of Sanger and Thompson (15). Oxytocin was supplied by 
Dr. V. du Vigneaud, bacitracin A by Dr. L. C. Craig, and performate- 
oxidized ribonuclease by Dr. C. H. W. Hirs. We are grateful to these 
investigators for their courtesy. Human seruin albumin was prepared by 
Method 5 of Cohn ef al. (16). 6-Lactoglobulin was a twice recrystallized 
preparation obtained by the procedure of Palmer (17), and crystalline 
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papaya lysozyme was prepared by the method of Smith e¢ al. (18). Growth 
hormone, bovine serum albumin, ribonuclease, and egg white lysozyme 
were crystalline preparations obtained from The Armour Laboratories. 

Oxidized proteins were prepared by treatment with preformed performic 
acid at —5° to — 10° for 18 hours (19). Ice water was added, the solution 
was frozen, and solvents were removed by lyophilization. The residue 
was again dissolved in water and dried as described. 


Results 


Oxidized A and B Chains of Insulin As Substrates—Hydrolysis of the 
A and B chains was performed as described above. Representative results 


l 


B-Chain 
6r— — 


Leucine Equivalents/mole substrate 


hours 


Fic. 3. A solution of activated aminopeptidase, C; = 64, containing 4.75 mg. of 
protein, was added to 5 wmoles of the oxidized A chain or oxidized B chain in a total 
volume of 5 ml. Quantitative ninhydrin determinations were performed on 0.025 
ml. aliquots of the mixture. The molar ratio of substrate to enzyme was 526 in each 
experiment. 


are shown in Fig. 3. The extent of hydrolysis should be considered an 
average value since all amino acids do not give the same color value as 
leucine (14). It should be noted that both chains are readily hydrolyzed, 
although the B chain is hydrolyzed to a greater extent than the A chain in 
the first 5 hours. This is expected in terms of the specificity of LAP (4) 
and the known N-terminal sequence of both chains. The A chain contains 


N-terminal glycine and highly polar residues at positions 4, 6, and 7, all of 
which should be removed very slowly. On the other hand, no residue of 
comparable polarity is present in the B chain until cysteic acid in position 
7 is reached. 
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Table I presents an analysis of the amino acids liberated from A and B 
chains after 24 hours hydrolysis with LAP. From the ninhydrin deter- 
minations the A chain appeared to be almost completely hydrolyzed in 24 
hours, whereas only 12 to 13 residues of the B chain were liberated. The 
free amino acids were collected by exhaustive dialysis of the reaction 


TABLE I 
Amino Acids Found after Hydrolysis of Oxidized A and B Chains of Insulin by LAP 
Hydrolysis of A chain: 6.5 mg. of activated LAP (Ci = 48) were incubated at 40° 
with 4 wmoles of the oxidized A chain in a volume of 5 ml. The molar ratio of sub- 
strate to enzyme was 320. Hydrolysis of B chain: 6.0 mg. of activated LAP (C; = 
50) were incubated with 3 ymoles of the oxidized B chain in a volume of 10 ml. The 
molar ratio of substrate to enzyme was 420. 


Amino acid per mole Amino acid per mole 
of A chain Position of B chain Position 
Amino acid of residue of residue 
Theo- in chain Theo- in chain 
moles moles moles moles 
CySO.H......... 3.97 4 |6,7,11,20) 0.63 2 17,19 
a: 0.82 0 0.16 0 
5.38 2 | 18,21 1.57 1 |3 
GluNH2......... 2 | 5,15 
1.93 2 4,17 0.23 2 13, 21 
0.0 0 0.0 1 27 
0.0 0 0.0 1 28 
1.13 1/1 0.77 | 8, 20, 23 
1.01 1 8 0.43 2 14, 30 
ee sc, 2.45 2 3, 10 1.80 3 2, 12, 18 
a 1.38 1 2 0.0 0 
2.12 2 13, 16 1.70 4 6, 11, 15, 17 
eR eee 1.85 2 14, 19 0.27 2 16, 26 
0.0 0 1.0 3 1, 24, 25 
0.0 0 1.61 2 5, 10 
0.0 0 0.0 1 | 29 
0.0 0 0.0 1 22 


mixture against 0.01 N citrate buffer at pH 5. The dialysates were pooled 
and concentrated in vacuo. The amino acids were separated on ion ex- 
change columns and estimated by the chromatographic method of Moore 
and Stein (20). 

With the buffer system used for the chromatographic separation (20), 
serine, asparagine, and glutamine emerge as cne peak. Therefore, these 
three amino acids are reported as one value in Table I. However, some 
glutamine is converted to pyrrolidonecarboxylic acid and to a lesser extent 
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to glutamic acid in either slightly alkaline or acid solutions (21). Because 
the enzymic reaction is performed at pH 8.5, some glutamine might be lost 
at this stage of the experiment. Furthermore, the procedures used for 
recovering the free amino acids after enzymic hydrolysis involve working 
in acid solution. Pyrrolidonecarboxylic acid has a very low color value 
with ninhydrin and would not be detected. As a result, glutamine values 
are often low and glutamic acid values are sometimes high. 

The data of Table I also indicate that some asparagine has apparently 
been hydrolyzed to yield free aspartic acid since aspartyl residues are 
absent from A and B chains (22). It must be emphasized that LAP does 
not deamidate either glutamine or asparagine (4). Part of the fractions 
of the asparagine serine-glutamine peak were desalted (23) and chroma- 
tographed on paper in butanol-acetic acid-water (200:30:75). The 
chromatograms indicated that all three amino acids were present in the 
proportions expected. 

It is evident from the data of Table I that phenylalanine, valine, and 
asparagine, the first 3 residues at the N-terminal end of the B chain, have 
been stoichiometrically released. Residues found from positions 4 through 
16 to 18 of the B chain have been only partially liberated. Tyrosine, which 
is first encountered at position 16, was recovered to the extent of 27 per 
cent; this shows that hydrolysis proceeded at least this far. However, 
since arginine was not detected and this amino acid is residue 22, hydrolysis 
must have been slow after residue 17 and did not occur past residue 22. 
Proline, threonine, lysine, and arginine, which are uniquely present in the 
C-terminal region, could not be detected. Because of the absence of these 
four amino acids, it is apparent that LAP has no endopeptidase activity. 
If a bond deep within the B chain had been hydrolyzed before those in 
positions N-terminal to it, it is reasonable to assume that these four amino 
acids would have been present to some extent. 

From the stoichiometry of the analysis, complete hydrolysis of the A 
chain to amino acids has occurred. This shows that the enzyme can hy- 
drolyze susceptible compounds completely. It also demonstrates that all 
of the optically active amino acids in the A chain of insulin are of the L 
configuration since LAP has no action on peptides containing N-terminal 
D residues (4). Although it has generally been assumed that proteins of 
animal origin are composed exclusively of amino acids of the L configura- 
tion, this experiment demonstrates that this is the case in the A chain of 
the insulin molecule. 

N-Terminal Sequence of B Chain—FEstimation of the amino acids re- 
leased from the B chain has been achieved by quantitative paper chroma- 
tography. The experimental conditions are described in Fig. 4. Aliquots 
of the reaction mixture were removed and treated with Dowex 50 X-10 
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(20 to 40 mesh, Ht cycle) by the procedure of Partridge (24). Each 
aliquot was shaken with resin for 1 hour, the supernatant fluid was de- 
canted, the resin washed thoroughly with water, and the amino acids 
eluted from the resin with 5 N ammonium hydroxide. The eluates were 
concentrated to dryness in vacuo over sulfuric acid. The dried samples 
were dissolved in 0.2 ml. of 2 N HCl and heated in sealed tubes at 105° for 
2 hours in order to hydrolyze glutamine and asparagine.? After removal 
of HCl in vacuo, the amino acids were diluted to a known volume and 
duplicate samples applied to 3 X 48 cm. strips of Whatman No. 1 paper. 
Separate samples of a series of standard solutions of the amino acids known 


4 

@ OPhe 

@Val 

0.2 S8Glu 
AHis 

e SAsp OLeu 

| | | 

4 60 120 1I80 240 360 


Time~ minutes 

Fic. 4. 3.6 mg. of activated aminopeptidase, C,; = 50, were incubated at 40° with 
3 umoles of the B chain in a final volume of 5ml. 0.5 ml. aliquots were removed and 
the free amino acids determined as described in the text. 


to be present in the B chain hydrolysates were also applied to paper strips. 
The strips were developed in the same chromatographic tank by descending 
chromatography in butanol-acetic acid-water (200:30:75). After 38 to 
40 hours, the strips were removed, dried overnight in a dark room, dipped 
in 0.5 per cent aleoholic ninhydrin, and allowed to stand in a dark room 


2 This was essential because of the poor color given by asparagine with ninhydrin 
on paper. It was necessary also because asparagine is not well resolved from histi- 
dine with the chromatographic solvent used. As noted above, Dowex 50 treatment 
of glutamine results in partial conversion of this amino acid to pyrrolidonecarboxylic 
acid and glutamic acid. Thus, by analysis of asparagine as aspartic acid and gluta- 
mine as glutamic acid, an amino acid mixture was obtained which could be resolved 
by one-dimensional paper chromatography. Furthermore, development of the 
chromatograms with ninhydrin gave uniformly purple colors which were more easily 
estimated. This procedure was possible because of the absence of aspartic acid in 
the B chain and because glutamic acid is not encountered until residue 13. 


Sl 


| 


ral 
nd 


ith 


R. L. HILL AND E. L. SMITH 587 


for 5 hours at 25°. Each strip was then scanned in an automatic recording 
densitometer.* <A linear relationship was obtained when total ninhydrin 
color of the spot was plotted against concentration of the standard amino 
acid over the range from 0.01 umole to 0.04 umole. Color values were 
expressed in arbitrary units obtained from the densitometer records. 
The graphs were used as standard curves for estimating the amount of each 
amino acid in the experimental samples. Since variations in color yield 
were found with different amino acids, each unknown was determined from 
the standard curve for the same amino acid. The concentration of some 
amino acids could not be obtained at certain times because of distortion 
of the spots on the chromatograms. Asparatic acid could not be deter- 
mined at later times because of contamination with traces of unresolved 
glycine and serine. 

The amount of each amino acid released as a function of time is shown in 
Fig. 4. It is apparent that the rate of release of the amino acids is in 
the order Phe > Val > AspNH2 > GluNH2 > His = Leu. This result 
is in accord with the sequence of the first 4 residues of the B chain. No 
discrimination between the rate of release of histidine and leucine could 
be made from the data. However, if the sequence were His Leu, leucine 
would be hydrolyzed from degraded peptide only as fast as the histidine 
was removed, whereas if the sequence were Leu His, leucine would be 
released more rapidly than histidine. Since N-terminal leucine is liberated 
about five times faster than N-terminal histidine in simple substrates (4), 
the sequence of residues 5 and 6 must be His Leu and the entire sequence 
is Phe, Val, AspNHe, GluN He, His, Leu, which agrees with that reported 
by Sanger and Tuppy (25). 

Because the sequence of the first 6 residues in the B chain could be 
obtained from rate studies, it was of interest to ascertain whether an 
estimate of the amino acids released at a single time of hydrolysis would 
yield results compatible with this sequence. For this experiment 10 
umoles of the B chain were treated with LAP as described in Table II. 
After 60 minutes, an aliquot of the reaction mixture was added to an equal 
volume of 0.2 N citrate buffer at pH 2.2 and analyzed by the ion exchange 
method without prior deproteinization.* The results are given in Table 
II. For convenience, the amino acids listed are in the order of the sequence 
of the B chain, reading from left to right. It is evident that the first 3 
residues are present to the extent expected from the known sequence. 
Although glutamine was not present because of conversion to pyrrolidone- 


Spinco analytrol, model R, Beckman Instruments, Ine., Belmont, California. 

* Analysis of samples which have not been deproteinized is not recommended. 
Protein precipitates at the top of the chromatographic column and interferes with 
subsequent analyses. 
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carboxylic acid, and histidine was not determined on the single column 
used, leucine was present in the lesser amount expected. 

Sequence Studies with Oxidized A Chain—Several problems are encoun- 
tered in the paper chromatography of free amino acids, particularly that 
of finding a solvent system which will resolve certain amino acids for 
densitometric analysis. An additional problem is the inconsistent color 
development with ninhydrin. Furthermore, because the ion exchange 
column technique was apparently successful in establishing the N-terminal 
sequence of the B chain, this method was employed with the A chain. 

The conditions for hydrolysis of the A chain are given in Fig. 5. Aliquots 
were deproteinized with picric acid (26), concentrated to dryness in a rotary 
evaporator, and diluted to a known volume. Samples were then analyzed 
by the ion exchange chromatographic method. 

Fig. 5 shows the chromatograms obtained after hydrolysis for 5 minutes, 


TABLE II 
Amino Acids Hydrolyzed from B Chain by Leucine Aminopeptidase 
6.3 mg. of activated aminopeptidase (C,; = 45) were incubated with 10 uwmoles of 


the oxidized B chain at 40° for 60 minutes. An aliquot was removed and analyzed as 


described in the text. 


Amino acid Phe Val AspNHe | GluNH:2 His Leu 


Hydrolyzed, %............... 29.8 28.0 13.2 12.0 


60 minutes, and 24 hours. Only a few amino acids are released after 5 
minutes, although there are several peaks (Peaks 1, 2, 3, 4, and 7) which 
do not correspond to any expected amino acid. After 60 minutes more 
amino acids are liberated and, in addition, Peaks 5 and 6 are present. 
After 24 hours, when the A chain is completely hydrolyzed to free amino 
acids, no unknown peaks are found. Furthermore, after 5 and 60 minutes 
hydrolysis, there is more ninhydrin-positive material emerging at the 
column volume than can be accounted for as cysteic acid. This material 
appears to be A chain or partially degraded A chain. Because A chain 
possesses four free sulfonic acid groups and two free carboxyl groups, and, 
in addition, contains no basic group other than the N-terminal a@-amino 
group, the intact peptide emerges unretarded from the column with cysteic 
acid. Peaks 4 and 7 also appear to be partially degraded A chain. Peak 
7, which is not present in significant amount after 5 minutes hydrolysis, 
emerges at the same place as phenylalanine which is absent from A chain. 
However, only a trace of Peak 7 is present upon complete hydrolysis and 
it may be concluded that Peak 7 is some unknown species of degraded A 
chain. 
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Thus, because of the acidic nature of the A chain, short hydrolysis by 
LAP produces fragments of A chain which may emerge from the column 


Smin. hydrolysis 
04 Tleu 
Leu 


Tyr 7 
| | 


60min. hydrolysis 


.6-— CySO2H 
Gly|| Ala 
> — 
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a | | 
06 Complete hydrolysis 
— Asp Tyr aia 
Ala 
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| | | | | 


40 80 120 160 200 240 280 300 
TUBE NUMBER 
Fic. 5. Amino acid chromatograms obtained after 5 minutes, 60 minutes, and 


24 hours hydrolysis of oxidized A chain of insulin by leucine aminopeptidase as 
described in the text and in Fig. 6, legend. 


with amino acids. These peptides can contribute to the observed nin- 
hydrin color for an amino acid. It is apparent that studies with acidic 
peptides by this chromatographic method must be interpreted cautiously. 
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Despite the above difficulties, an attempt was made to determine the 
N-terminal sequence from data of the type shown in Fig. 5. Fig. 6 shows 
the amount of some amino acids released as a function of time. From these 
data, the sequence for A chain would be Val, Gly, Ileu, Glu, GluN Hb, 
This sequence is correct except for the position of valine, which should 
follow isoleucine (residue 2). It is likely that the high valine values were 
obtained because one or more peptides emerged with valine from the 
column. This assumption is in accord with the stoichiometric recovery of 
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Fic. 6. 2.5 ml. of activated aminopeptidase, C; = 64, containing 4.75 mg. of protein 
were incubated with 5 wmoles of the oxidized A chain in a volume of 5 ml. 1 mi. 
aliquots were removed at various times, deproteinized, and analyzed by ion exchange 
column chromatography. The results for 5 and 15 minutes hydrolysis only are shown. 


valine after complete hydrolysis of A chain. Glycine and isoleucine appear 
at about the same rate, as would be expected from the specificity of LAP. 
Because N-terminal isoleucine is liberated much more rapidly than N- 
terminal glycine, isoleucine would be released immediately after removal 
of glycine. The values obtained after 5 minutes hydrolysis show less 
glutamic acid than glycine and isoleucine and more glutamic acid than 
glutamine. Thus, in spite of the difficulty encountered in the analysis of 
the A chain, some sequence information was obtained. 

Action of Aminopeptidase on Insulin——The structure of insulin is much 
more complex than that of the oxidized A and B chains inasmuch as there 
are disulfide bridges and a tightly coiled structure (9). What effect this 
complex structure would have on susceptibility to hydrolysis by LAP was 
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unknown. Moreover, no information was available concerning the rate 
of hydrolysis of peptide bonds adjacent to the disulfide bridges of cystine, 
as they occur In insulin. In order to answer these questions, the following 
experiments were performed. 

1 ypmole of crystalline zine insulin (6 mg.) was treated with 6 mg. of 
LAP (C, = 55) in the usual manner. There was no detectable increase in 


T T T | | 
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= ar 
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Fic. 7. Hydrolysis of proteins by LAP. The reactions were followed by ninhydrin 
determinations on aliquots of the reaction mixtures. The results are given in leucine 
equivalents per mole of substrate. The following conditions were used for each 
reaction. A, insulin, 6 mg. of LAP (C,; = 55) and 6 mg. of crystalline zine insulin or 
zinc-free insulin in 5 ml. at pH 8.5; B, human serum albumin, 10 mg. of LAP (C,; = 50) 
and 52 mg. of oxidized albumin in 5 ml. or 20 mg. of native or denatured albumin in 
5 ml. at pH 8.5; C, egg white lysozyme, 4.5 mg. of LAP (C, = 55) and7 mg. of oxidized 
or lysozyme in 2.5 ml. at pH 9.2; D, ribonuclease, 4.5 mg. of LAP (C, = 55) and 7 
mg. of native or oxidized protein in 2.5 ml. at pH 9.2. 


ninhydrin color over a 24 hour period (Fig. 7, A), indicating resistance of 
zinc insulin to hydrolysis by the aminopeptidase. Digestion of insulin 
with Mnt+-activated enzyme gave the same result. However, when these 
reaction mixtures were deproteinized and chromatographed on _ paper, 
traces of glycine, phenylalanine, and valine were detected. These amino 
acids are the first residues encountered in the two chains of insulin. 

The slow action of LAP on zinc insulin suggests that there is interference 
of substrate-enzyme interaction. This might be due to the fact that zine 
insulin exists in an aggregated state (27). Moreover, if zine is bound to 
histidine residues (28) which are in the N-terminal region of the B chain, 
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combination with zinc might also prevent interaction between insulin and 
enzyme. Because of these considerations, studies were made with an 
amorphous insulin preparation which did not contain more than 0.006 per 
cent zinc. Tests were performed under the same conditions as those for 
zinc insulin. Ninhydrin determinations showed that about 11 residues 
were released per mole of insulin in 24 hours (Fig. 7, A). The liberated 
amino acids were recovered by exhaustive dialysis against water. The 
dialysates were concentrated in vacuo and dissolved in 0.2 M citrate buffer 
at pH 2.2, and an aliquot was analyzed by ion exchange column chroma- 
tography. The results are given in Table III. 


TaBLe III 
Amino Acids Hydrolyzed from Zinc-Free Insulin by Leucine Aminopeptidase 
6 mg. of activated leucine aminopeptidase (C; = 55) were incubated at 40° with 
6 mg. of zinc-free insulin in a volume of 5 ml. for 24 hours. The amino acids were 
recovered by exhaustive dialysis of the reaction mixture. 


Amino acid per mole Position in chain neha per mole Position in chain 
of insulin of insulin 
moles moles 
0.49 Val...) 1.52 | A,3, 10; B, 2, 12,18 
0.0 B, 27 0.46 | A,2 
See A, 9, 12; B, 9 Leu . 1.42 | A,13,16;B,6,11,15,17 
AspNHg. 1.06 | A,18,21;B,3 | Tyr 0.83 | A, 14, 19; B, 16, 26 
GluNH2.... || A, 5, 15; B, 4 Phe 0.76 | B, 1, 24, 25 
Ne was cue 1.51 A, 4, 17; B, 13, 21; His. 0.86 | B, 3, 10 
| 0.0 B, 28 Lys. 0 B, 29 
ieee 1.10 A, 1; B, 8, 20, 23) Arg 0 B, 22 
ek, 0.58 A, 8; B, 14, 30 
T+ 


It is evident that only those amino acids in the N-terminal region of 
the two chains of insulin have been liberated. From the recovery of 
phenylalanine, which is N-terminal in the B chain and absent in the A 
chain, about 75 per cent of the insulin no longer possesses this residue. 
The glycine value suggests that about the same extent of hydrolysis oc- 
curred in the A chain. The recovery of isoleucine, which is near the 
N-terminal end, also indicates only partial hydrolysis of the A chain. 
However, the presence of tyrosine, which occurs in both chains past the 
interchain disulfide bridge and the intrachain disulfide bridge of A chain, 
indicates that hydrolysis occurred past the disulfide bridges. 

An interesting feature of these results is the relative susceptibility 
of insulin compared to the oxidized A and B chains. With the A chain, 
hydrolysis was complete in 24 hours when the molar ratio of A chain to 
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aminopeptidase was 320. B chain was over 50 per cent hydrolyzed when 
the ratio of substrate to enzyme was 420. In the insulin experiments, 
crystalline zine insulin was not hydrolyzed significantly at a ratio of sub- 
strate to enzyme of 100. Under the same conditions, zinc-free insulin was 
only partly hydrolyzed in the N-terminal region, although a small amount 
of hydrolysis did take place past the disulfide bridges. It is thus apparent 
that open chain peptides free from major secondary bonds are much more 
susceptible to hydrolysis than tightly coiled molecules possessing disulfide 
bridges and a complex secondary structure. 

Other Protein and Peptide Substrates—Several other proteins have been 
tested as substrates for the aminopeptidase. Some of the results are 
shown in Fig. 7, B, C, and D. In some instances, the reaction mixtures 
were deproteinized after 24 hours and the liberated amino acids were 
identified by comparison with known amino acids on paper chromatograms. 

Native serum albumins (human and bovine) are completely resistant to 
the action of LAP, as found in experiments in which very high concentra- 
tions of enzyme relative to substrate (1 to 50) were used, and also with 
Mn*+-activated enzyme. Human serum albumin treated with guanidine 
was also tested. A 1.0 per cent solution of albumin was kept 24 hours at 
25° in 8 M guanidine at pH 8.5. After exhaustive dialysis, the albumin 
solution was made 0.05 mM in Tris buffer and 0.005 m in MgCl. and added 
to aminopeptidase activated under the usual conditions. No hydrolysis 
could be detected after 24 hours. 

In contrast to the resistance of native albumin to LAP, it was found that 
oxidized human albumin was readily hydrolyzed, as shown by the data in 
Fig. 7, B. Paper chromatograms of the free amino acids showed not only 
aspartic acid and alanine, known to be the first 2 residues at the N-terminal 
end of the molecule (29), but also Ser, Glu, Gly, Val, Leu, Ileu, Phe, 
CySO;3H, and Lys. Quantitative estimates were not performed in this 
instance. 

Fig. 7, C and D, show that egg white lysozyme and ribonuclease are 
also resistant to LAP (ratio of substrate to enzyme = 100:1), whereas 
the oxidized proteins are digested, albeit rather slowly in the case of oxi- 
dized ribonuclease. With both oxidized preparations, the liberated amino 
acids were separated by dialysis after 24 hours digestion and processed 
in the manner already described. Quantitative determinations were 
performed by ion exchange chromatography and estimation with nin- 
hydrin. 

With oxidized lysozyme, it was found that all of the amino acids known 
to be present in this protein were liberated, except tryptophan, which 
is destroyed by oxidation. The amino acid found in greatest amount was 
lysine, which is known to be the N-terminal residue (30, 31) and which 
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has been reported to be also in position 7 (32). Other amino acids found 
in large amounts were valine, glycine, phenylalanine, arginine, aspartic 
acid, alanine, and leucine. Some of these are among the residues found in 
the N-terminal sequence (32, 33). Time studies were not performed but 
such investigations should be feasible. 

The results with oxidized ribonuclease are of greater interest, since 
less extensive hydrolysis took place and more complete information is 
available concerning the structure of this protein (34). The following 
recoveries were made and are given in parentheses as micromoles of amino 
acid per micromole of oxidized ribonuclease. The amino acids are listed 
in the order in which they occur in the protein for the first residues (34, 35): 
Lys (0.62), Glu (0.34), Thr (0.28), and Ala; (0.52). Other recoveries were 
Phe (0.33), Ser + AspNHe + GluNH, (0.88), definite traces of methionine 
sulfone and Arg, and doubtful traces of Cys-SO;H and Tyr. As in the 
case of insulin, these results are in complete accord with the known N- 
terminal sequence of ribonuclease. Moreover, Val, Ileu, and Leu could 
not be detected at all and these residues do not occur until position 35 
(Leu), positions 41 to 44 (Val), and position 81 (Ileu) (34). These results 
provide excellent confirmation of the view that LAP can attack only the 
N-terminal end of the molecule. Any endopeptidase action would result 
in a liberation of residues from all parts of oxidized ribonuclease. 

Other proteins which were susceptible to hydrolysis by LAP, at a ratio 
of substrate to enzyme of 50:1, were B-lactoglobulin and crystalline bovine 
growth hormone. 6$-Lactoglobulin was very resistant, although leucine, 
which has been shown to be N-terminal in the three chains of this protein 
(36), was readily detected by paper chromatography. Smaller amounts 
of valine, alanine, glutamic acid, aspartic acid, and glycine were also 
found. This result is consistent with the observation that multichained 
proteins are not readily susceptible to hydrolysis by aminopeptidase. 

Growth hormone, which it is believed possesses two chains per molecule 
(37), is also slowly digested. Paper chromatography showed both pheny!- 
alanine and alanine, which are the known N-terminal residues (37). In 
addition, smaller amounts of leucine, valine, glutamic acid, and lysine 
were found. 

Oxytocin proved to be a good model for determining the susceptibility 
of a peptide containing an N-terminal half cystine residue (38). In this 
experiment 3.0 mg. of aminopeptidase, C; = 55, were activated in the 
usual manner. A solution containing 0.5 mg. of oxytocin was added and 
the mixture was incubated at 40°. Ninhydrin determinations showed that 
only five peptide bonds had been hydrolyzed per mole of oxytocin in 24 
hours, indicating either incomplete or partial hydrolysis of the potentially 
susceptible molecules. The reaction mixture was exhaustively dialyzed, 
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and the dialysates were concentrated in vacuo, dissolved in 0.2 N citrate 
buffer at pH 2.2, and analyzed for amino acids by ion exchange column 
chromatography. Each amino acid present in oxytocin was found. How- 
ever, less than stoichiometric quantities of tyrosine and isoleucine were 
isolated. It is likely that these low recoveries were obtained because of 
the small amount of oxytocin available for the analysis. It appears that, 


TABLE IV 
Activity of Leucine Aminopeptidase in Urea, Acetamide, and Guanidine 
Aminopeptidase (1.0 to 2.0 y of N per ml., C; = 55 to 60) was incubated at 40° 
with 0.005 mM MgCl. in 0.05 m Tris buffer at pH 8.5 and the denaturing agent at the 
concentration indicated. Aliquots were removed at 30 minutes (Column A), 6 
hours (Column B), and 20 hours (Column C), and assayed with 0.05 M L-leucinamide 
at the same concentrations of MgClo, Tris, and the denaturing agent. After 30 
minutes of activation, aliquots were also assayed in Mg-Tris solution (Column ID). 


| Relative activity 


Denaturing agent | Concentration 
| 
| moles per I. | | | 
100 | 85 | 100 
6.0 51 39 | 2 95 
Guanidine.............. 0.5 42 | 4 


although oxytocin is degraded to free amino acids, it is attacked very slowly. 
Peptides lacking a disulfide bridge are hydrolyzed much more rapidly. 

Although bacitracin A contains only twelve amino acids, it has been 
shown that the N-terminal isoleucine is involved in a thiazoline ring 
and might be, in part, of the p configuration (39). These conditions 
would be expected to inhibit hydrolysis by LAP and no hydrolysis could be 
detected. 

Stability of LAP in Urea, Guanidine, and Acetamide—Hydrolysis of 
normally resistant substrates by LAP might occur under conditions which 
allow unfolding of the secondary structure of the protein. Since this 
necessitates use of compounds such as urea, guanidine, and acetamide, it 
was desirable to determine the stability and activity of the aminopeptidase 
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in solutions of these agents. Alcohols, which are also useful for this pur- 
pose, have been shown to inhibit the action of the aminopeptidase in a 
reversible manner (5). 

Stability studies were performed at 40° at pH 8.5 with L-leucinamide 


as substrate. Aminopeptidase was activated at pH 8.5 in the presence of 
MgCl, and at the concentration of the denaturing agent indicated in Table | 


IV. Aliquots of the activation mixture were then assayed under the same 
conditions. The results show that the aminopeptidase is extremely labile 
in the presence of guanidine, whereas it is only partly inactivated in aceta- 
mide or urea. It is noteworthy that the inactivation produced by urea or 
acetamide is completely reversible. 

From the results shown in Table IV, it should be possible to use the 


aminopeptidase at certain concentrations of urea or acetamide. Only 


limited experience has been obtained thus far with digestion of resistant 
substrates in such media. Attempts have been made to hydrolyze egg 
white lysozyme, and human serum albumin in 6 M urea, conditions which 
should allow some unfolding of both proteins (40, 41). No hydrolysis 


was found even at high ratios of LAP to substrate. It has been possible — 
to hydrolyze both glucagon® and oxidized mercuripapain in acetamide — 


solutions. Although both of these substrates are insoluble in aqueous 
solution at pH 8.5, they are soluble in acetamide or urea solutions. By 
keeping both substrates soluble, a more uniform rate of hydrolysis was 
obtained. Experiments with these substrates will be reported later. 


DISCUSSION 


Many studies have shown that carboxypeptidase acts as an exopeptidase — 
in liberating C-terminal residues from proteins and polypeptides (42), in — 


accord with its known specificity of action as determined by investigations 
with small, synthetic substrates (43). The present results demonstrate 
that another exopeptidase, leucine aminopeptidase, acts in the same manner 
at the N-terminal ends of proteins and polypeptides. In contrast to the 
more limited specificity of carboxypeptidase which cannot liberate certain 
types of polar residues, the aminopeptidase possesses a broader spectrum 
of action as shown by both studies with synthetic substrates (4) and by the 
present results with the A and B chains of insulin and with proteins. 
These findings demonstrate that all of the amino acid residues ordinarily 
found in native or oxidized proteins can be released by the aminopeptidase, 
although the rate of release of different residues differs considerably. 


This broad spectrum of action presents both advantages and disadvan- | 


tages in the use of the enzyme for structural studies. The main advantage 


6 Unpublished studies with Dr. William W. Bromer and Dr. Otto K. Behrens, of 
the Lilly Research Laboratories. 
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is the obvious one that any polypeptide possessing an a-amino acid residue 
should be susceptible to the action of the aminopeptidase and that the 
enzymic action will not be stopped by an unfavorable residue. This also 
presents the major disadvantage; namely, the rate of release of successive 
residues may be so rapid that little or no information can be obtained 
as to actual sequence. The results with the A and B chains of insulin 
illustrate these problems very well. 

Another technical difficulty, already mentioned, which should be par- 
ticularly noted, is that chromatographic analysis on ion exchange columns 
poses a number of difficulties with polypeptides as acidic as the oxidized 
A chain. As amino acids are released from the N-terminal end by the 
enzymic action, the residual peptide fragments chromatograph on the 
column and emerge at elution volumes which may or may not coincide 
with the positions of known amino acids. This problem is likely to be 
encountered with all small acidic peptides which are used as substrates 
not only with the aminopeptidase, but with carboxypeptidase as well. 
On the other hand, peptides obtained from the tryptic digestion of proteins 
should possess C-terminal arginine or lysine (44) and the basic nature of 
resulting C-terminal fragments will result in strong retention by the acidic 
ion exchange resin. 

The absolute optical specificity of the aminopeptidase (4) aids in identi- 
fication of the configuration of amino acid residues in polypeptides and 
proteins. When optically active amino acids are released by the enzyme, 
it is evident that they must be of the L configuration. This is illustrated 
by our results with the A and B chains and with various proteins, and by 
the work of Elliott and Peart (45) with a hypertensin. These investigators 
showed that the aminopeptidase hydrolyzes this peptide rapidly to a 
mixture of the free amino acids. Similar results have been obtained with 
crystalline glucagon in that the aminopeptidase liberated quantitatively 
all of the amino acids of this hormone.® 

It is noteworthy that the rate of hydrolysis of polypeptides is in marked 
contrast to that of proteins which are generally more resistant to the 
action of the enzyme. Indeed, some native proteins such as the serum 
albumins, ribonuclease, and lysozyme are completely resistant to the action 
of the enzyme. Inasmuch as the specificity of the aminopeptidase is 
clearly defined as requiring in the substrate an N-terminal residue, which 
is glycine or an L-amino acid, and an available a-peptide bond, it is apparent 
that resistant compounds must lack an a-amino group or possess an a- 
peptide bond which is masked by strong hydrogen bonding. Since the 
resistant proteins mentioned above all possess terminal a-amino groups, 
the explanation must be sought in the tightly coiled configuration which 
exists in native proteins. This is also demonstrated by the susceptibility 
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of the oxidized proteins. It is evident that proteins must differ con- 
siderably from each other in the strength of the hydrogen-bonding at their 
N-terminal regions. Moreover, results with mercuripapain (6) show that 
there may be marked differences even within a protein which consists of a 
single peptide chain. With this protein, the first 19 residues are rapidly 
released at concentrations of aminopeptidase as low as those which act on 
simple polypeptides, whereas much higher concentrations of enzyme are 
needed to produce more extensive degradation (6). 

It is likely that the aminopeptidase will prove to be useful not only for 
studies of amino acid sequence and for determining optical configuration 
of residues in peptides and proteins but also, and perhaps of greater im- 
portance, in assessing the relationship of protein and polypeptide structure 
to the biological activity of such molecules. The successful use mentioned | 
above of the enzyme in degrading mercuripapain has shown that a con- | 
siderable part of the plant proteinase is unessential for activity. This 
opens the possibility of similar studies with other enzymes, hormones, ete. 
Unfortunately, as we have already demonstrated, not all proteins are 
susceptible to the action of the aminopeptidase and the results may be 
obtained only with proteins which prove to be substrates. 

It is important to emphasize again that all of our studies were performed 
with aminopeptidase preparations which were free from endopeptidase 
activities as determined both with synthetic substrates (4) and as shown 
by the results reported above. ‘The presence of even traces of proteinases 
will render useless attempts to study removal of N-terminal residues. 


SUMMARY 


1. An improved method for the purification of leucine aminopeptidase 
(LAP) is described, which permits the handling of larger quantities of 
material and yields enzyme preparations suitable for degradation of 
polypeptides and proteins. Procedures for using LAP in degradation 
studies are described. 

2. Oxidized A and B chains of insulin are readily hydrolyzed by the 
aminopeptidase. Analysis of amino acids liberated from the B chain at 
different times permitted determination of the sequence of the first 6 
residues at the N-terminal end of this peptide. The results were in accord 
with the structure established earlier. Similar studies with the oxidized 
A chain gave results consistent with the known sequence, although acidic 
peptides derived from the A chain interfered with amino acid analyses on 
ion exchange columns. 

3. Zine insulin is almost completely resistant to hydrolysis by LAP, 
whereas zinc-free insulin is hydrolyzed. Although it is hydrolyzed mainly 
in the N-terminal regions of both chains, some hydrolysis occurs past the 
disulfide bridges. 


vii 
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4. Native albumin, ribonuclease, and lysozyme are not hydrolyzed 
by LAP, although they are readily degraded after oxidation with performic 
acid. The amino acids released are in accord with the known structure 
of these proteins. 

5. Native B-lactoglobulin and growth hormone, both multichained 
proteins, are hydrolyzed slowly by LAP. 

6. Oxytocin, which is a small cyclic peptide with an N-terminal half 
cystine residue, is slowly hydrolyzed by LAP. This demonstrates the 
resistance to LAP of peptides stabilized by disulfide bridges. 

7. All the results obtained from degradation studies with long chained 
polypeptides and proteins show the complete absence of endopeptidase 
activity in highly purified LAP. In addition, the results demonstrate 
that all the residues liberated must be of the L configuration. 

8. The finding that some proteins are not attacked by LAP is interpreted 
as being due to the fact that the native forms of these proteins possess a 
three-dimensional structure which protects the N-terminal ends of these 
molecules. This is compatible with the finding that oxidized proteins are 
hydrolyzed by the enzyme inasmuch as oxidation is known to alter the 
hydrogen bonding as well as to destroy the disulfide bridges of intact 
proteins. 

9. LAP is reversibly inactivated by concentrated solutions of urea and 
acetamide and irreversibly inactivated by guanidine. 
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Studies on the biosynthesis of bacterial thymine and bacteriophage 
thymine and hydroxymethylcytosine (1, 2) have led us to suggest that 
dihydropyrimidine derivatives may be intermediates (2—4) in the biosyn- 
thesis of these pyrimidines. The preparation of dihydropyrimidine 
derivatives for further metabolic studies was therefore undertaken. We 
have previously described the synthesis as well as some chemical and meta- 
bolic properties of dihydrouracil and dihydrothymine nucleosides (2). In 
this paper are presented data on the hydrogenation of cytosine, deoxycyti- 
dine, cytidine, and deoxycytidylic acid and on the characterization of the 
reaction products. 


EXPERIMENTAL 


Materials and Methods—All cytosine compounds were obtained from 
the California Foundation for Biochemical Research. The hydrogenation 
procedure has been described previously (2). 

The absorption of dihydrouracil and its nucleosides at 230 my in alkaline 
solution and the characteristic first order degradation rate (2) were em- 
ployed for their quantitative analysis and identification. The optical 
density in 0.1 N NaOH was measured in the Process and Instrument. re- 
cording spectrophotometer at 36°. To an absorption cell of 1 em. light 
path was added about 0.1 umole of dihydropyrimidine derivative in 1.4 
ml. After 10 minutes of temperature equilibration, 0.1 ml. of 1.5 Nn NaOH 
was added and the optical density was continuously recorded for 15 minutes 
(e.g. see Fig. 3). Since the half time for the first order degradation of the 
dihydrouracil derivatives was observed to be 1.7 minutes, over 99 per cent 
of the material decomposes in the 15 minutes. The optical densities of 
pure solutions of dihydrouracil and nucleosides were reduced to zero under 
these conditions. To correct for any other substances present in a reaction 

* This research was aided by a grant from the Commonwealth Fund. 

t Present address, Department of Microbiology, St. Louis University School of 
Medicine, St. Louis, Missouri. 
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mixture which absorbs at 230 mu, the optical density after 15 minutes of 
alkaline degradation was subtracted from that observed at 1 to 3 minutes. 
The corrected optical density values were then plotted on a logarithmic 
scale against time and the straight line was extrapolated to zero time 
(e.g. see Fig. 3) to obtain the initial optical density. From this initial 
optical density and the extinction value obtained in a similar manner from 
a standard solution of the dihydrouracil derivative, the amount of com- 
pound present in an unknown solution was calculated readily. Ammonia 
was determined by nesslerization and nitrogen by a micro-Kjeldahl pro- 
cedure (5). Phosphorus was determined by the method of King (6). 


MOLES He PER MOLE SUBSTRATE 


= 


O 


20 40 60 80 100 120 140 I60 180 
MINUTES 
Fic. 1. Hydrogenation of cytosine derivatives. O, cytosine; 0, deoxycytidine; 
A, cytidine; @, deoxycytidylic acid. See under “Hydrogenation of cytosine and 
derivatives’’ for the experimental details. Reaction terminated by removal of 
catalyst. 


Hydrogenation of Cytosine and Derivatives 


Hydrogenation was carried out with rhodium catalyst (2) in water at 


atmospheric pressure. The course of typical hydrogenations of cytosine, — 
deoxycytidine, cytidine, and deoxycytidylic acid is presented in Fig. 1. | 


Unlike the hydrogenations of uracil, thymine, and nucleosides, which | 


stopped when | mole of hydrogen was taken up per mole of substrate with 
quantitative formation of the 5,6-dihydro derivatives (2), the cytosine 
compounds were hydrogenated further. The reaction was_ therefore 
terminated by filtration from the catalyst after the uptake of 1 equivalent 
of hydrogen. The reaction mixtures still contained from 4 to 13 per cent 


of the original ultraviolet absorption, thus indicating that a portion of the — 
material had been hydrogenated past the dihydro stage while part had not — 


been hydrogenated at all. 
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An additional major difficulty was the lability of the amino group of the 
dihydrocytosine derivatives. These derivatives were hydrolyzed rapidly 
to ammonia and the corresponding dihydrouracil compounds in aqueous 
solution. This necessitated the rapid hydrogenation and rapid removal of 
water from the reaction mixture. The lability of the amino group often 
prevented the further purification of the dihydrocytosine derivatives. 
Under the conditions employed reaction products were isolated which 
contained 70 to 85 per cent of DHC,! DHCDR, and DHCR. The product 
isolated after the hydrogenation of deoxycytidylic acid was not dihydro- 
deoxycytidylic acid but the product of hydrolytic deamination, dihydro- 
deoxyuridylic acid. Ammonia and total nitrogen analyses were made on 
all preparations to check possible decomposition. ‘Typical preparative 
results are described below. 

Hydrogenation of Cytosine—41 mg. of cytosine in 10 ml. of water were 
hydrogenated at 27° with 20 mg. of rhodium catalyst (Fig. 1). After 
180 minutes the catalyst was filtered and washed with water. Analysis 
revealed no appreciable ammonia and 87 per cent removal of ultraviolet 
absorption at 275 mu. The filtrate was rapidly concentrated in vacuo at 
30° to dryness, taken up in absolute methanol, and reconcentrated to 
dryness. After drying over P2O; in vacuo for several hours, 41 mg. of 
white solid were obtained. The compound contained about 1 mole of water 
of hydration. 

Hydrogenation of Deoxycytidine—50 mg. of deoxycytidine hydrochloride 
in 10 ml. of water were hydrogenated at 24° with 20 mg. of rhodium cata- 
lyst (Fig. 1). After 19 minutes the catalyst was filtered and washed with 
water. A maximum of 4 per cent had decomposed with formation of 
ammonia, and 96 per cent of the ultraviolet absorption at 280 my was 
removed. The filtrate was immediately concentrated in vacuo at 30° to 
dryness. The product was recrystallized from anhydrous methanol-ether 
at room temperature; yield, 27 mg.; total nitrogen, found 15.9 per cent, 
calculated 15.9 per cent; ammonia, less than 0.5 per cent. 

Hydrogenation of Cytidine—Hydrogenation at room temperature re- 
sulted in the rapid hydrolysis of the NH» group at position 4 to ammonia 
(42 per cent in 90 minutes). However, running the reaction at 5° pre- 
vented this decomposition. It was necessary to lyophilize the reaction 
mixture, since vacuum concentration at 30° also resulted in extensive 
decomposition. 

50 mg. of cytidine sulfate hydrate in 10 ml. of water were hydrogenated 


! The following abbreviations are used: DHU, dihydrouracil; DHC, dihydrocyto- 
sine; DHUR, dihydrouridine; DHCR, dihydrocytidine; DHUDR, dihydrodeoxyuri- 
dine; DHCDR, dihydrodeoxycytidine; IDHUDRP, dihydrodeoxyuridylic acid (all 
are the 5,6-dihydropyrimidine derivatives); DNA, deoxyribonucleic acid. 
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in the cold room at 5° with 20 mg. of rhodium catalyst (Fig. 1). After 

43 minutes, the catalyst was filtered and washed with cold water. Only | 
7 per cent had decomposed with formation of ammonia and 92 per cent of — 
the ultraviolet absorption at 280 my was removed. The filtrate was 
immediately lyophilized to a white solid and stored in vacuo over P.O;; 
yield, 39 mg.; total nitrogen, found 14.0 per cent, calculated 14.2 per cent. 

Hydrogenation of Deoxycytidylic Acid—51 mg. of deoxycytidylic acid in — 
10 ml. of water were hydrogenated at 25° with 26 mg. of rhodium catalyst 
(Fig. 1). After 70 minutes, the catalyst was removed by filtration and 
washed. 45 per cent had decomposed with formation of ammonia and 96 _ 
per cent of the ultraviolet absorption had been removed. The filtrate was 
immediately concentrated in vacuo at 30° to dryness, dissolved in absolute 
ethanol or methanol, and reconcentrated several times. Attempts at — 
crystallization from aqueous ethanol or methanol-ether were not successful. f 
The product was dissolved in 10 ml. of water, 0.1 N NaOH being added to | 
the phenol red end point, and 1 ml. of 1 M barium acetate was added. The 
small amount of precipitate formed was removed by centrifugation, 4 
volumes of ethanol were added to the supernatant liquid, and the mixture — 
was chilled in an ice bath for 30 minutes. The white precipitate was 
centrifuged, washed with 60 per cent ethanol, absolute ethanol, and an- 
hydrous ether, and dried 2m vacuo over P2O;. The yield was 46 mg., of 
which 81 per cent was the barium nucleotide as revealed by phosphorus — 
analysis. The sodium salt was prepared by treatment of an aqueous © 
solution of the barium salt with an equivalent amount of 1 M NaSO, and 
removal of the BaSO, by centrifugation. Analysis gave an N:P ratio of | 
1.97:1. Since no significant amount of ammonia was present in this 
preparation, the product appeared to be mostly dihydrodeoxyuridylic 
acid rather than the cytosine derivative. This was further confirmed by 
treatment with an alkaline phosphatase preparation which liberated 92 per 
cent of the organic phosphorus as inorganic phosphates and gave a product 
which was 80 per cent dihydrodeoxyuridine by spectrophotometric analysis — 
(ig. 3). Probably, the remaining 20 per cent of the product was hy- 
drogenated at a position other than the 5,6 bond and was not degraded 
in alkali. The main product of dephosphorylation, dihydrodeoxyuridine, . 
was further identified by comparison with authentic dihydrodeoxyuridine 
by paper chromatography (Table II). 

Characterization of Hydrogenation Products—The main products isolated 
after the hydrogenation of cytosine, deoxycytidine, and cytidine were 
shown to be the corresponding 5 ,6-dihydro derivatives. The quantitative — 
identification was accomplished by the hydrolvtic deamination of dihydro- 
cytosine derivatives to the corresponding dihydrouracil derivatives which 
were then shown to be identical to DHU, DHUDR, and DHUR by paper 
chromatography in two solvent systems and by measurement of rates of 
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alkaline degradation. As described earlier, alkaline degradation was used 
to determine the amount of dihydrouracil derivative formed after the 
complete deamination of the dihydrocytosine derivative. Table I sum- 
marizes some of the chemical properties of the DHC, DHCDR, and DHCR 
preparations, including the hydrogen uptake when the reaction was stopped, 
the ultraviolet absorption remaining, the ammonia initially present in the 
product, the maximal amount of ammonia formed after deamination, and 
the amount of the 5,6-dihydrocytosine derivative in the preparation. 
Deamination of Dihydrocytosine Derivatives—F¥ ig. 2 presents the rate of 
deamination at 37° and pH 7.0. The amount of ammonia was not in- 
creased further by heating at 100° for an additional 90 minutes. The 
maximal amount of ammonia formed from DHC and DHCR agrees fairly 


TABLE I 
Chemical Properties of Hydrogenation Products 


Ammonia 
Ultraviolet 5 ,6-Dihydro- 
Compound hydrogenated He uptake* absorption cytosine 
remaining | [pitia) Hydro- | derivativet 
lysist 
a per cent | per cent per cent | per cent per cent 
103 13 0 67 70 
Deoxycytidine hydrochloride... .. 107 1 4 108 S4 
Cytidine sulfate.................. 111 7 5 88 85 


* Per cent of theoretical H2 uptake for one double bond when the reaction was 
terminated. 

t After 24 hours at 37° in 0.04 mM phosphate buffer, pH 7.0 (Fig. 2). 

t Caleulated from spectrophotometric analysis of dihydrouracil derivatives 
formed after hydrolytic deamination (Fig. 3). 


well with the amount of DHU and DHUR estimated after deamination 
(Table I). However, 23 per cent more ammonia was formed from DHCDR 
than the amount of DHUDR detected. This disparity was evident when 
other preparations of this compound were similarly analyzed. The excess 
ammonia is probably derived from the cleavage of the pyrimidine ring. It 
may be supposed that about 12 per cent of the deoxycytidine is hydro- 
genated at a linkage in addition to the 5,6 bond and that this structure is 
cleaved in aqueous solution. DHU, DHUDR, and DHUR did not inter- 
fere with the nesslerization procedure for ammonia. 

Although the dihydrocytosine derivatives spontaneously lose ammonia 
in aqueous solution, deoxycytidine deaminase prepared from L’scherichia 
coli (7) did not act on these compounds.22 DHC, DHCR, DHCDR, and 
control deoxycytidine were incubated in 0.05 M tris(hydroxymethyl)amino- 


?We wish to thank Miss Hazel Barner for testing the deaminase on these com- 
pounds. 
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methane buffer, pH 7.0, at 37° at concentrations of 3.0 wmoles per ml. for 
2 hours with and without the deaminase. The release of ammonia was ' 
estimated on aliquots of the reaction mixture. Deoxycytidine was com- 
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Fic. 2. Hydrolytic deamination of dihydrocytosine derivatives. Stoppered tubes 
containing 10 ml. of 0.04 mM phosphate buffer, pH 7.0, and 1.60, 1.80, or 1.46 
umoles per ml. of hydrogenation products of cytosine (QO), deoxycytidine hydro- 
chloride (QO), or cytidine sulfate (A), respectively, were incubated at 37°. 1.0 
ml. aliquots were removed at intervals and analyzed for ammonia. 

Fic. 3. Alkaline degradation of dihydrouracil derivatives. See under ‘‘Materials 
and methods”’ for the experimental details. The final volume was 1.5 ml. 9, 
xX, and @ represent 0.100 umole of DHU, DHUDR, and DHUR standard solutions, 
respectively. Molar extinction values of 8.28 & 10°, 9.25 & 10°, and 8.95 X 10%, 
respectively, were obtained. ©, A, and O represent 0.102, 0.126, and 0.102 umoles 
of cytosine, deoxycytidine hydrochloride, and cytidine sulfate hydrogenation prod- 
ucts, respectively, after hydrolytic deamination in phosphate buffer (see Fig. 2). O 
represents 0.100 umole of DHUDRP reaction mixture after 92 per cent enzymatic 
dephosphorylation. 


pletely deaminated in less than 50 minutes. However, this enzyme did 
not increase the rate of deamination of the dihydrocytosine derivatives 
over that occurring spontaneously in aqueous solution. 

Alkaline Degradation—TVhe reaction mixtures obtained after the com- 
plete deamination of DHC, DHCDR, and DHCR and the dephosphoryla- 
tion of DHUDRP were quantitatively analyzed for the resulting products, 
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DHU, DHUDR, DHUR, and DHUDR, respectively, by their initial 
optical density at 230 my in alkali, as shown in Fig. 3. The characteristic 
first order degradation rates identified the compounds as 5 ,6-dihydrouracil 
derivatives. Irom these analyses, it is calculated that the products of 
hydrogenation contained 70, 84, and 85 per cent of DHC, DHCDR, and 
DHCR, respectively (Table 1). 

Paper Chromatography—-DHC, DHCDR, and DHCR were hydrolyt- 
ically deaminated in water at 37° and the products were identified by 
paper chromatography. The deamination products had the same Fr 
values as authentic DHU, DHUDR, and DHUR when chromatographed 
in two solvent systems (Table IT). 


TaBLe II 
Chromatography* of Dihydrouracil Derivatives 
Solvent 2,t Rr 
DHC deamination product.................. 1.0 0.41 
| 0.12 0.34 
DHCDR deamination product.............. | 0.12 0.34 
DHUDRP dephosphorylation product...... 0.34 
DHCR deamination product........0....... 0.06 | 0.21 


* Descending paper chromatography with Whatman No. | paper. 

t Solvent 1, ethy! acetate-phosphate buffer (2); Solvent 2, butanol-ethanol-water 
(4:1:5) (8). | 

t Relative migration compared to DHU as 1.0. Solvent flows off edge in 4 hours; 
permitted to run for 15 hours to improve resolution. 


DISCUSSION 


It is conceivable that thymine biosynthesis in some organisms and 
hydroxymethyleytosine biosynthesis in virus-infected /. coli may proceed 
through cytosine derivatives. Cytidine and deoxycytidine have been 
shown to be incorporated into thymine in the rat (9, 10). Prusoff, Lajtha, 
and Welch (11) have reported that deoxycytidine is more effective than 
deoxyuridine in stimulating formate incorporation into DNA-thymine in 
mouse ascites tumor cells. Of further interest is the recently described 
enzymatie deamination of 5-methyldeoxyecytidine to thymidine (38). In 
addition, the hydroxymethyleytosine of bacteriophage can be derived from 

*We have recently demonstrated «a conversion of deoxyeytidyvlic acid to 5- 


hydroxymethyl deoxyeytidylic acid in the presence of formaldehyde, tetrahydrofolic 
acid, and an enzyme derived from T6-infected EF. coli (15). 
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the cytosine of host DNA (12), although it is possible that this conversion, 
as well as some of the incorporations mentioned above, might be indirect, 
by passing through uracil derivatives. 


Dihydrocytosine derivatives may possibly serve as intermediates in the | 


above transformations. Suggestive evidence is the recently reported 
isolation of dihydrocytidylic acid from liver (13). It is possible then 
that a common dihydrocytosine derivative serves as a precursor for both 
thymine and hydroxymethylcytosine. 

These interesting possibilities emphasize the need for preparative 


methods for dihydrocytosine derivatives, especially since no procedures are | 


described in the literature. Cohn and Doherty have stated (14) that 
cytidylic acid, deoxycytidylic acid, and cytidine are catalytically reduced 
by hydrogen. However, no data were given on deoxycytidylic acid and 
cytidine, although the main product of hydrogenation of cytidylic acid 
was dihydrouridylic acid. 


In the work reported in this paper, products have been obtained which | 


contained 70 to 85 per cent of DHC, DHCDR, and DHCR. The product 
isolated after the hydrogenation of deoxycytidylic acid contained 80 per 
cent DHUDRP. It is probable that dihydrodeoxycytidylic acid can be 
prepared by milder conditions of hydrogenation and isolation. Purification 
of the dihydrocytosine derivatives was difficult because of the lability of 
the amino group in aqueous solution. However, the use of chromato- 
graphic methods with organic solvents or aqueous solvents at low tempera- 
tures might circumvent this difficulty. 


SUMMARY 


The catalytic hydrogenation of cytosine, deoxycytidine, cytidine, and 
deoxycytidylic acid is described. The main products were dihydrocytosine, 


dihydrodeoxycytidine, dihydrocytidine, and dihydrouridylic acid, re- 
spectively. The possible role of dihydrocytosine derivatives in pyrimidine — 


biosynthesis is discussed. 
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The mechanism of formation of hydroxymethyleytosine and thymine in 
the deoxyribonucleic acid (DNA) of T-even bacteriophages appears to be 
critical in the development of the extreme form of parasitism exhibited by 
these viruses. Previous communications from this laboratory have de- 
scribed the conversion in vivo of exogenous orotic acid and uracil to cytosine 
and thymine of the nucleic acids of Escherichia coli (1, 2). The cytosine 
of bacterial DNA has also been demonstrated to be converted to the 
hydroxymethyleytosine (HMC) and thymine of the DNA of T6r* bac- 
teriophage (3). Thus, the pyrimidine ring is used intact in the biosyn- 
thesis of hydroxymethyl- and methylpyrimidines. 

Our studies on the addition of 1l-carbon fragments to the pyrimidine 
ring in this system have revealed that the 8-carbon of serine may serve as 
the precursor of the hydroxymethy! and methy! carbon atoms of HMC and 
thymine, respectively. On the other hand, the methyl carbon of methio- 
nine does not fulfil this role, as described in Paper I of this series (2). It 
may be imagined that the hydroxymethyl] group is transferred to a pyrimi- 
dine and thereon converted to a methyl group. Another hypothesis 
suggests that such a conversion may occur on an appropriate coenzyme 
rather than on the pyrimidine itself. The postulated intermediate com- 
pounds in the biosynthetic path are presented in Fig. 1. 

We have adopted the working hypothesis that hydroxymethylpyrimi- 
dines are intermediates in the formation of methylpyrimidines. To design 
experiments to test this, however, auxiliary hypotheses were necessary. 
These hypotheses include the following: (a) dihydropyrimidines are inter- 
mediates, (b) either the cytosine or uracil series may be intermediates, 
(c) the reactions may proceed at the free base, nucleoside, or nucleotide 
levels, 

According to hypothesis (a), in order to reduce a pyrimidine-bound 


* This research was aided by a grant from the Commonwealth Fund. 
t Present address, Department of Microbiology, St. Louis University School of 
Medicine, St. Louis, Missouri. 
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hydroxymethyl group by the removal of water, it is necessary to have 
hydrogen available at C-5. Therefore, 5,6-dihydropyrimidines and their 
nucleosides of both the uracil and cytosine series have been prepared (4, 5). 

With reference to hypothesis (b), cytosine compounds have not as yet 
been excluded as the possible immediate precursors in the formation of the 
methylpyrimidines (cf. (5)). Furthermore, 5-methyleytosine deoxyribo- 
side is converted to thymidine in E. coli (6). 

It is possible that hydroxymethylation either precedes or follows re- 
duction of the appropriate pyrimidine derivative. Therefore, it was 
necessary to test not only the dihydro derivatives but also the appropriate 
hydroxymethyl compounds. 


X CH x 
N C 
4 ” Cc 
O O SH THEN 6 


| 
R 


Fig. 1. Possible pathways of formation of hydroxymethyl- and methylpyrimidines. 
R = H, deoxyribosyl, or phosphodeoxyribosyl moiety. X = —OH in the uracil 
series or —NHb, in the cytosine series. 


In testing hypothesis (c), the role of free bases and their nucleosides 
rather than the nucleotides was examined, since the latter are dephosphory]- 
ated by £. coli. The investigation of the existence of hydroxymethylation 
at the nucleotide level of organization requires the use of cell-free extracts 
at present, whereas it seemed desirable at first to use compounds whose 
metabolism might be studied by intact cell techniques, as well as by the 
enzymatic approach. In addition, other data on phage systems had 
suggested that the deoxyribosides of HMC and of thymine might be im- 
portant intermediates in DNA synthesis (7). 

The only cytosine- and uracil-requiring strains of EF. coli known until 
the present investigation were not capable of producing T-even bacterio- 
phage and hence were not suitable for the study of the biosynthesis of 
HMC. This paper records the isolation and some properties of a mutant 
of E. coli, strain B, which requires uracil or cytosine for growth and which 
will produce satisfactory amounts of the T-even phages. This mutant and 
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other pyrimidine-requiring strains have been used in the exploration of the 
role of the pyrimidine derivatives to test the hypotheses described above. 


Methods and Materials 


Isolation and Properties of FE. coli, Strain B,-—A culture of EF. coli, 
strain B (8), in the exponential phase of growth was sedimented, washed, 
and resuspended in mineral medium (8). The cells were irradiated with a 
germicidal lamp with a dose sufficient to kill 99.9 per cent. The irradiated 
cells were centrifuged and resuspended in fresh mineral medium supple- 
mented with glucose and incubated for 2 hours in subdued light. After 
resedimentation, the cells were incorporated in 1 per cent agar and layered 
on agar plates of synthetic medium containing 2 mg. of glucose per ml. 
A protective layer of agar was added on top of the layer containing the 
cells. After incubation for 2 days, the surviving wild type colonies were 
marked and a layer of agar containing 10 y of thymine and 50 y each of uracil 
and cytosine was added. Among the new colonies that appeared after 
layering with pyrimidines was one that responded in streaking and pad 
plate assays to uracil and cytosine but not to thymine. This strain has 
been designated B,-. 

At a concentration of 10 y per ml., uracil satisfies the pyrimidine re- 
quirement for growth in glucose at 1 mg. per ml. Cytidine and uridine 
also support growth. In the presence of glucose, if no pyrimidine is added 
to the medium, large amounts of material with an ultraviolet-absorbing 
peak at 280 to 285 muy are excreted into the medium. 

Strain B,- is sensitive to the T-even series of phages but plates with 
about 70 per cent of the efficiency of the parent strain B. Upon infection 
with T2 phage, in the presence of 20 y per ml. of uracil, DNA increases by 
800 to 1000 per cent in 2 hours. In the absence of exogenous uracil, 
DNA does not increase greater than 33 per cent. 

Other Organisms—The properties of EF. coli, strain W,-, have been de- 
scribed (9), as have properties of the thymine-requiring strain, strain 
15;- (6, 10). The isolation and properties of our strains of T2r+ and 
T6r* bacteriophage have been recorded (8), as well as the synthetic media 
in which bacteria and virus multiply. It should be noted that virus 
experiments with strain B,- were made with strain T6r+, whereas strain 
l5;- is sensitive only to the T2 phages. In the latter instance, as has 
been described earlier (10), infected 15;— strains gain the ability to synthe- 
size thymine. 

Compounds—Uracil-2-C™, deoxyuridine, and deoxycytidine were ob- 
tained from the California Foundation for Biochemical Research. The 
preparation of radioactive uracil deoxyriboside has been described (4). 
This material was dissolved with carrier deoxyuridine and the mixture was 
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hydrogenated. Crystalline radioactive dihydrodeoxyuridine was isolated 
as described (4). The preparation of dihydrouracil, dihydrothymine, and 
their nucleosides has been reported (4), as has the preparation of the less 
stable dihydrocytosine derivatives (5). 

HMC and hydroxymethyluracil (HMU) were kindly supplied by Dr. C. 
Miller of Merck and Company, Ine. The deoxyribosides of HMC and 
HMU were isolated from phage nucleic acids (9, 11). 

Tests of Growth and Inhibition—The appropriate bacterial strain was 
cultivated overnight in a synthetic medium with aeration at 37°. A 
slight excess of pyrimidine was used and multiplication was limited to 
about 10° organisms per ml. by use of only 1 mg. of glucose per ml. The 
culture was diluted 20-fold in a synthetic medium containing glucose 
and the requisite pyrimidine. The organisms were grown to about 2 
xX 10° as measured turbidimetrically (12). The culture was chilled and 
centrifuged and the bacteria were washed twice with cold mineral media. 
The organisms were resuspended at appropriate turbidities in mineral 
medium containing 1 mg. of glucose per ml. plus the pyrimidine derivative 
or derivatives to be tested. The cultures were aerated at 37° and followed 
turbidimetrically. 

In most instances viable count, z.e. the number of organisms capable 
of forming colonies, was also estimated. Viable counts were particularly 
significant with strain 15;-, in which the absence of thymine led to un- 
balanced cell growth and loss of the ability to form colonies. 

When the inhibitory activities of various compounds were examined, 
the same type of system was used. The normal pyrimidine was added to 


the medium at the concentration used to satisfy the growth requirement | 
of the mutant. The inhibitor being tested was also added at a molar | 


concentration 10 times that of the essential metabolite present. 
Competition and Incorporation Experiments—In most instances the 
incorporation of a test compound was determined by a competition experi- 
ment with growing strain B,- or with strain B,- multiply infected by 
T6r+. The incorporation of uracil-2-C' into the bases of bacterium 
or virus was determined. Simultaneously, in another aliquot of the 
same system the test compound was added in equimolar amounts to 
uracil-2-C™ and the dilution of the radioactivity in the appropriate bases 
was examined. The activities of deoxycytidine, HMC, HMU, the de- 
oxyribosides of HMC and HMU, dihydrodeoxycytidine, dihydrocytidine, 
and dihydrodeoxyuridylic acid were tested in this way. The measurement 
of radioactivity has been described (2). A washed culture of strain B,- 
at about 2 to 4 & 107 per ml. was grown to 10° in the presence of radio- 
active uracil. In experiments on HMC formation, strain B,- was grown 
to 2 to 3 X& 10° per ml. in non-radioactive uracil, washed, resuspended, 
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and infected at a 5-fold multiplicity with T6r* in the presence of 50 y per 
ml. of pbL-tryptophan and the appropriate medium containing radioactive 
uracil. 

In some viral experiments in which only small amounts of the possible 
intermediates were available, e.g. the deoxyriboside of HMU, smaller 
amounts of culture and uracil of proportionately higher radioactivity 
were used. In these instances the resulting radioactive virus was harvested 
and the DNA contents of the purified virus preparations were determined 
(13). Carrier non-radioactive T6rt of known DNA content was admixed 
and the appropriate bases were then isolated (2). Isolations from bacterial 
DNA were effected after hydrolysis in 70 per cent perchloric acid; the 
bases from viral DNA were obtained after hydrolysis in 6 N HCl. 

The incorporation of radioactive dihydrodeoxyuridine was tested 
directly in various biological systems. We were led to prepare a radioac- 
tive compound since our first preparation of crystalline dihydrodeoxyuri- 
dine stimulated DNA synthesis in strain 15;- in the apparent absence of ex- 
ogenous thymine. However, this sample of deoxyuridine was later found 
to contain 1 to 2 per cent thymidine, which was hydrogenated at a much 
slower rate than deoxyuridine, and then was actually concentrated in 
our crystalline product. The radioactive compound, which did not 
support the growth of strain 15;-, was tested in the growth of strain B, 
strain 15;-, in the production of T6r* by infected strain B or strain B,-, 
and in the synthesis of T2r* by infected strain 15;-. In the infection of 
the latter organism, cells were grown in broth and infected in a synthetic 
medium containing a casein hydrolysate, tryptophan, and thymine (10). 


Results 


Growth and Inhibition—In tests of dihydrouracil and dihydrocytosine 
compounds, strains B,- and W,- were grown initially on 10 y of uracil 
and cytosine per ml., respectively. Strain 15;- was grown on 2 y of 
thymine per ml. Dihydrouracil, dihydrouridine, dihydrodeoxyuridine, 
dihydrocytosine, dihydrocytidine, and dihydrodeoxycytidine at equimolar 
concentrations did not support the growth of washed resuspended cultures 
of strains B,- and W,- which showed normal growth in the presence of 
10 y per ml. of uracil or cytosine. 

When 10-fold molar excesses of the compounds were used with strains 
Bu- or W.-, dihydrouridine did not inhibit growth in the presence of 
uracil. Similarly, dihydrodeoxyuridine did not inhibit growth in the 
presence of uracil or of deoxyuridine. Dihydrodeoxycytidine also did 
not inhibit the growth of strain B,- or W.- in the presence of deoxycytidine. 

When tested with strain 15;-, the dihydrouracil compounds were es- 
sentially inert. The dihydrodeoxycytidine did not support growth of 
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the organism, but it slightly inhibited the rate at which the organism died 
in the absence of thymine. 


The dihydrocytosine compounds did not support the synthesis of | 
DNA in T6rt-infected strain B,-. Dihydrodeoxyuridine, dihydrodeoxycy- 


tidine, or a mixture of these compounds did not support DNA synthesis 
in T2rt-infected strain B,-. 


Competition Experiments—It was shown that uracil-2-C™ could provide | 


the entire requirement for the pyrimidine ring of both cytosine and thymine 
of the DNA of strain B,- and that a non-radioactive nucleoside could 


dilute the labeled uracil equally in both bases. These results are given | 


in Table I. 


A series of competition experiments was performed to test the incorpora- — 


tion of hydroxymethylpyrimidines and their deoxyribosides, the dihydro- 


TABLE 
Utilization of Uracil-2-C for Pyrimidines of DNA of Strain B,- 
Strain By- was grown in two 500 ml. aliquots containing 4.25 mg. of uracil-2-C™ 
(1338 ¢.p.m. per wymole) from an initial cell concentration of 4 X 107 per ml. to 1.1 X 


10° per ml. Atl X 10® per ml. an equimolar amount of deoxycytidine was added to — 


one aliquot. 


Pyrimidine added Thymine Cytosine 
c.p.m. per umole c.p.m. per pmole 
+4 + deoxycytidine................. 646 593 


cytosine nucleosides, or dihydrodeoxyuridylic acid into either the thymine 


| 


or HMC of T6r* bacteriophage. As demonstrated in Table II, none of | 


these compounds was used to a significant extent in the biosynthesis of 
either base. | 


On Incorporation of Radioactive Dihydrodeoxyuridine—Radioactive 


dihydrodeoxyuridine (DHUDR) was not metabolized to form pyrimidine 


bases of DNA of £. coli, strain B, FE. coli, strain 15;-, T6r*+ grown in strain — 


B, T6rt grown in strain B,- in the presence of exogenous uracil, and T2r* 


grown in strain 15;—- in the absence of exogenous thymine. In each experi- — 
ment the compound (1870 c.p.m. per umole) was added to the medium © 


in amounts which exceeded the pyrimidine deoxyriboside requirements 


of the organism produced. In each experiment the bases were isolated in — 
amounts of 3 to 9 umoles. In no case did the purine or pyrimidines of — 
the isolated DNA of the organism yield greater than 0.5 c.p.m. per umole. | 


That the DHUDR actually penetrated inio the organism was shown 
by the isolation of a significant amount of radioactivity in the trichloroacetic 


acid-soluble nucleotide fraction of strain 15,-. A liter culture of this , 
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organism was grown to about 8 X 10% in the presence of 2 y of thymine 
per ml. The bacteria were centrifuged and resuspended in a liter of 
mineral medium containing 2 gm. of glucose and 34.7 wmoles of DHUDR 


TABLE II 


Non-Utilization of Various Pyrimidines and Nucleosides in Biosynthesis 
of T6r*+ Bacteriophage 

Experiment A—To two 100 ml. aliquots of strain By- (3 & 10° per ml.) were added 
3 mg. of glucose per ml., 9 wmoles of uracil-2-C' (2732 ¢.p.m. per umole), 50 y of 
pL-tryptophan per ml., and 5.3 T6r* particles per bacterium. To one of the aliquots 
were added 9 wmoles of HMC. The cultures were aerated at 37° until lysis, and 
virus was then isolated. Virus DNA in the amount of 2.3 to 2.4 mg. was present. 
Twice this amount of DNA in non-radioactive T6r* was admixed and the bases 
were isolated and counted. 

Experiment B—A comparable experiment was made with five 100 ml. aliquots of 
infected strain By-. 9 wmoles of uracil-2-C'™ (2666 c.p.m. per umole) were added to 
each culture. To four aliquots were added 9 uwmoles of HMU, 7.9 uwmoles of the de- 
oxyriboside of HMU, 8.8 umoles of the deoxyriboside of HMC, and 8.8 umoles of 
the dihydrouracil deoxyribotide, respectively. From each lysate T6r* was isolated 
containing 1.2 to 1.7 mg. of DNA. 4 times this amount of carrier DNA was added 
as phage and the bases were isolated. 

Experiment C—To three 500 ml. aliquots of infected strain Bu- were added 45 
umoles of uracil-2-C' (964 ¢c.p.m. per umole). To two aliquots were added 45 umoles 
of dihydrodeoxycytidine and 45 wmoles of dihydrocytidine, respectively. From 
each lysate T6r* was isolated containing 6.5 to 8 mg. of DNA. The bases were 
isolated from the undiluted phage. 


Experiment Exogenous base Thymine HMC 


c.p.m. per | c.p.m. per 
umole umole 
A Uracil-C' 635 
+ HMC | 719 677 
B 355 352 
+ HMU 377 || 3% 
nas + HMU deoxyriboside 379 399 
+ HMC deoxyriboside 353 354 
+ dihydrouracil deoxyribotide | 
nucleotide | 313 
C 775 
+ dihydrocytosine deoxyriboside 864 770 
ws + dihydrocytosine riboside | 872 698 


(64,300 ¢.p.m.). The culture was aerated for 3 hours and analyzed at 
intervals for viability, DNA, and ribonucleic acid. In the Ist hour the 
culture fell from 8 & 108 to 8 X 107 bacteria per ml. and continued to fall. 
DNA remained quite constant while ribonucleic acid approximately tripled 
and turbidity increased from 142 to 305. 

The bacteria were chilled, centrifuged, and washed in saline. ‘The 
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pellet was resuspended in 25 ml. of cold 5 per cent trichloroacetic acid. 
The supernatant fluid was extracted five times with ether, which was 
discarded. The acid extract after neutralization was found to contain 
7000 ¢.p.m. or about 11 per cent of the DHUDR added to the medium. 
After addition of barium acetate, barium salts were precipitated in the 
cold at pH 8.8. The barium salts (78 mg.) were centrifuged, washed in 
ethanol, and dried. The salts were dissolved in 5 ml. of 0.1 Mammonium | 
formate, pH 3.5, and barium sulfate was precipitated by addition of | 
NaSO,y. The supernatant fluid contained 1790 counts. On electrophore- | 
sis of material containing 560 ccunts on Whatman No. 3 paper at 22.2 
volts per cm. for 2 hours, 80 per cent of the radioactivity had migrated 
10.5 to 14 cm. with material having an ultraviolet absorption maximum 
at 260 my in 0.1 mM acid. In additional electrophoretic experiments 90 
per cent of the radioactivity was observed to migrate less rapidly than 
adenosine triphosphate and at a rate which was comparable to that of 
uridine 5’-phosphate. The radioactivity derived from DHUDR was, 
therefore, associated with a barium-precipitable compound which migrated 
in a manner comparable to a monophosphate of uridine and it is tentatively 
concluded that DHUDR was phosphorylated in strain 15,7-. 


DISCUSSION 


Our data show that neither the hydroxymethyl- nor the dihydropyrimi- 
dines nor their deoxyribosides can act as intermediates in the formation 
of bacterial thymine or of viral HMC or thymine. It has been shown that 
hydroxymethyl nucleosides can penetrate and be deaminated in growing 
and virus-infected bacteria (9). In this paper it has been shown that 
dihydrouracil deoxyriboside can also be phosphorylated. However, the 
product of this reaction, although at the nucleotide level, does not proceed 
further to thymine. If dihydrohydroxymethyl] nucleotides are inter- 
mediates, it must be inferred that the formation of the hydroxymethy! 
compound precedes the reduction step. That this possibility is still to 
be considered seriously is affirmed by the results reported in Paper V of 
this series, in which it is shown that hydrogenation of hydroxymethyluracil 
derivatives results in the formation of thymine. 


SUMMARY 


Dihydrouracil and dihydrocytosine, as free base, riboside, and deoxy- 
riboside, were studied in the nutrition of uracil-, cytosine-, and thymine- 
requiring strains of Escherichia coli. They did not replace the uracil, 
cytosine, or thymine requirements in any strain studied. Also at a 10-fold 
molar ratio they had no significant inhibitory activity in the presence of the 
required pyrimidines. 
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Furthermore, neither these compounds, hydroxymethyluracil, hy- 
droxymethylcytosine, nor their deoxyribosides were metabolized to 
bacterial thymine, viral hydroxymethylcytosine or thymine, although the 
evidence shows that they can penetrate bacteria. Thus radioactive 
dihydrodeoxyuridine was converted to a nucleotide present in the acid- 
soluble nucleotide fraction. It has been concluded that the dihydro- 
or hydroxymethyl bases and nucleosides are not intermediates in 
the formation of thymine and hydroxymethylcytosine. 

A hydroxymethylpyrimidine nucleotide has not yet been excluded as an 
intermediate in the formation of thymidylic acid. 
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Dihydrohydroxymethylpyrimidine derivatives have been suggested as 
possible intermediates in the biosynthesis of DNA!-thymine and_ bac- 
teriophage hydroxymethyleytosine (1, 2). A possible mechanism has been 
postulated which involves the conversion of a 5,6-dihydro-5-hydroxy- 
methylpyrimidine derivative to a 5-methylpyrimidine derivative, 7.e. a 
thymine derivative. To explore this possibility further, 5-hydroxy- 
methyluracil, 5-hydroxymethyleytosine, and their deoxyriboside deriva- 
tives were prepared and hydrogenated. The properties of the reactants 
and products were studied by a variety of methods, including a biological 
assay for thymine-replacing and growth-inhibiting properties with a thy- 
mine-requiring strain of Escherichia coli. The results of this study are 
presented below. 


EXPERIMENTAL 


Materials—T4r+ bacteriophage lysates, after removal of bacteria de- 
bris and virus particles by differential centrifugation, still contain large 
amounts of acid-precipitable viral DNA. These lysates were used as 
sources of HMCDR. A mixture of DNA and protein was precipitated 
by 5 per cent trichloroacetic acid from the supernatant solution and the 
precipitate was washed in acetone and dried in vacuo over P2O;. The 
dry powder was extracted twice with 2 per cent perchloric acid for 15 
minutes at 90°. The extract was hydrolyzed in 10 per cent perchloric 
acid for 1 hour at 100°, adjusted to pH 8 with 10 N KOH, and put in the 
refrigerator overnight. The KC1O, precipitate was centrifuged and washed 
With a small amount of water. The combined supernatant fluids were 


* This research was aided by a grant from the Commonwealth Fund. 

t Present address, Department of Microbiology, St. Louis University School of 
Medicine, St. Louis, Missouri. 

1The following abbreviations are used: DNA, deoxyribonucleic acid; HMC, 
5-hydroxymethyleytosine; HMCDR, 5-hydroxymethyleytosine deoxyriboside; HMU, 
d-hydroxymethyluracil; HMUDR, 5-hydroxymethyluracil deoxyriboside; U, uracil. 
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treated with an alkaline phosphatase (3) and the HMCDR was isolated 
and purified as previously described (3). HMUDR was prepared by 
enzymatic deamination of HMCDR and purified by paper chromatography 
(3). The purity of both compounds was established by chromatographic 
and spectrophotometric properties. Preparations of HMCDR gave 
characteristic crystalline picrates (4). 

HMC was kindly provided by Dr. C. Miller of Sharp and Dohme, 
Inc., and by Dr. C. Balant of The National Drug Company. HMU 
was prepared by nitrous acid deamination of HMC. To 156 mg. of HMC 
in 30 ml. of 2 N acetic acid were added dropwise 1.5 gm. of sodium nitrite 
in 5 ml. of water over a 15 minute period. After 3 hours at room tempera- 
ture, the reaction mixture was passed through an IRA-400 column (acetate 
form) to remove inorganic anions and the effluent was analyzed by de- 
scending paper chromatography in butanol-water (90:10). 70 per cent 
HMU had been formed while 30 per cent of the HMC remained. Thymine 
and uracil were not found, although amounts of 2 per cent of either com- 
pound could have been detected under conditions of the assay. The 
effluent was concentrated in vacuo at 40° to dryness, redissolved, recon- 
centrated several times in absolute ethanol, and finally recrystallized 
from absolute ethanol-ether. The ultraviolet spectra and chromatographic 
properties were identical to those of authentic HMU, which had been 
synthesized by Dr. C. Miller (3). 

Methods—-Hydrogenation of hydroxymethylpyrimidine derivatives was 
carried out by employing a conventional Warburg apparatus at 37°. The 
material to be hydrogenated was placed in 1.0 ml. of water in both side 
arms of a Warburg vessel and the rhodium catalyst (5) and 1.0 ml. of 
water were placed in the main compartment. The vessels were gassed 
with hydrogen for 1 hour at about 40 mm. pressure (Brodie solution). 
The stopeocks were closed and the reaction mixture was equilibrated for 
an additional 30 to 60 minutes until readings were nearly constant. The 
compound was then tipped into the main compartment and the readings 
were begun. Control flasks with only water and catalyst allowed a 
measure of the slow uptake of hydrogen by the catalyst which occurred 
even after 1 hour of equilibration. The usual 1.0 mole of hydrogen was 
absorbed per mole of uracil and thymine run as controls. 

Hydrogenated reaction mixtures were resolved by descending paper 
chromatography with Whatman No. 1 paper. Fluorescence-quenching 
materials (pyrimidines and their deoxyribosides) were made visible under 
the Mineralight lamp and identified by Ry values and spectra of eluted 
compounds. 5,6-Dihydropyrimidine compourds were identified on chro- 
matograms as yellow spots by using the p-dimethylamino-benzaldehyde 
spray procedure after a preliminary alkali treatment (5, 6). 
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For detection and identification of compounds in reaction mixtures 
capable of fulfilling the thymine requirement of 1’. colz, strain 15--, paper 
chromatograms were run in duplicate side by side. One lane was sprayed 
to locate dihydropyrimidine derivatives and the second lane was subjected 
to tetrazolium bioautography as follows: 1.5 per cent agar solutions con- 
taining mineral medium (7) and 0.08 mg. of tetrazolium blue per ml. 
were cooled to 45°, 20 per cent sterile glucose solution was added to a 
final concentration of 2 mg. per ml., and the mixture was seeded with 
E. coli 15,- toa final concentration of 2 K 10° cells per ml. and poured into 
a covered glass tray. Immediately after hardening of the agar, the strip 
of paper to be analyzed was placed on the surface and incubated at 37° 
overnight. Only compounds on the paper capable of fulfilling the thymine 
requirement of this organism developed as blue turbid areas of growth. 
2.5 and 5 y of thymine spotted on paper were run as controls. 

The cultivation and properties of the thymine-requiring mutant, £. 
coli 15,-, the estimation of growth and division by turbidity and viable 
count, respectively, and the use of this organism for characterizing thymine 
inhibitors have previously been described (8, 9). 

Hydrogenation of 5-Hydroxymethylpyrimidine Derivatives—Vhe course of 
hydrogenation of HMU, HMUDR, HMC, HMCDR, and uracil is pre- 
sented in Fig. 1. Under the conditions employed, uracil was hydrogenated 
at a much faster rate than any of the hydroxymethyl] derivatives. Unlike 
uracil, thymine, and deoxyribosides which take up only 1 equivalent of 
hydrogen to form the 5,6-dihydro derivatives (5), HMC and HMCDR 
are further hydrogenated. The 4-amino group apparently activates the 
ring towards further hydrogenation as appears also to be the case with 
the cytosine derivatives (10). It is not known whether HMU = and 
HMUDR are actually hydrogenated further as is suggested by the 
data in Fig. 1, since, as will be shown, thymine and thymidine are formed 
during hydrogenation of HMU and HMUDR, respectively, and thymine 
and thymidine take up additional hydrogen to form the corresponding 
dihydro compounds (5). 

The hydrogenation reactions of HMU, HMUDR, HMC, and HMCDR 
were stopped at the arrow (Fig. 1) by filtration of the catalyst. Only 
70 to 76 per cent of the original ultraviolet absorption was removed. This 
Was anticipated in the case of HMC and HMCDR from the incomplete 
hydrogenation of the cytosine derivatives (10). However, this was un- 
expected for HMU and HMUDR, since uracil and thymine derivatives 
were quantitatively hydrogenated with the complete loss of ultraviolet 
absorption (5). As will be seen below, the ultraviolet absorption was 
mainly due to thymine and thymidine formed during hydrogenation of 
HMU and HMUDR. 
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Biological Activities of Hydroxymethylpyrimidine Derivatives for Thymine- 
Requiring Bacterium—The hydroxymethylpyrimidines, deoxyribosides, 
and their hydrogenation products were quantitatively analyzed for their 
ability to substitute for thymine and to inhibit growth and division in 
the thymine-requiring bacterium, FE. coli 15,;-. Routinely, turbidimetric 
and viable count assays were employed to measure cell growth and divi- 


M4 MOLES H, PER yu MOLE SUBSTRATE 


MINUTES 
Fic. 1. Hydrogenation of 5-hydroxymethylpyrimidine derivatives. The following 
amounts of compounds were hydrogenated in the Warburg apparatus: 5.00 uwmoles 
of U, 2.40 uymoles of HMU, 4.07 wmoles of HMC, 2.40 umoles of HMUDR, and 3.00 
umoles of HMCDR. 5 mg. of rhodium catalyst were employed in all reactions 
except HMC in which 1 mg. was used. 


sion, respectively. The necessity of viable count assays in testing for | 


thymine antagonists and in assays with a thymine-requiring organism 
has been previously emphasized (11). /. coli 15,- rapidly dies, 7.e. loses 
the ability to form colonies in the absence of thymine or in the presence 
of a thymine antagonist in a manner which is dependent upon conditions 
for active growth and metabolism (9). While the cells die rapidly under 
these conditions, turbidity increases, since cytoplasmic growth occurs 
despite inhibition of DNA synthesis. 


Compounds were therefore tested in two ways: (1) as a thymine substitute — 
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by testing the effect on growth and cell division in the absence of thymine 
but in the presence of all other growth requirements (glucose and mineral 
salts), and (2) as a specific thymine antagonist by testing in the presence 
of thymine (glucose and mineral salts in the media). Briefly, a thymine 
substitute should cause an increase in cell number in the absence of thymine 
(case (1)), while a thymine antagonist should retard cell division in the 
presence of thymine (case (2)) although permitting cell growth (7.e. an 
increase in turbidity). A metabolic inhibitor other than a thymine 
antagonist will retard cell death in case (1) and inhibit cell division and 
growth in case (2). 

The effect of HMU, HMC, HMUDR, and HMCDR on the cell division 
and growth rates of coli 15;- was examined. None of these compounds 
replaced thymine as a growth requirement for this organism when tested 


TABLE I 
Effect of 5-Hydroxymethylpyrimidine Derivatives on Growth and Division 
of FE. coli 16 7- 


The growth medium contained 0.016 wmole of thymine and 0.16 umole of test com- 
pound per ml. 


Compound Rate of turbidimetric increase | Division rate 
are per cent inhibition per cent inhibition 


in the absence of thymine. However, at 10 moles of hydroxymethyl 
compound per mole of thymine all but HMC inhibited almost equally 
both growth and division (Table I). It appears that these compounds 
inhibit cell metabolism at a locus other than thymine utilization. 

Fig. 2 presents the activities of the hydrogenation reaction mixtures of 
HMU, HMC, HMUDR, and HMCDR on cell division in the absence of 
thymine. Less than 1 per cent of the cells survived for 3 hours in the 
absence of pyrimidines, while there was a 10-fold increase in cell number 
when thymine was present. Hydrogenated HMC did not alter the rate 
of cell death, while the hydrogenated HMCDR retarded death although it 
did not permit division. Hydrogenated HMU at the concentration tested 
(0.048 umole per ml.) supported cell division as well as did thymine (0.016 
umole per ml.), permitting a 10-fold increase in cell number in 3 hours. 
Hydrogenated HMUDR present in only one-third the concentration of 
hydrogenated HMU permitted a doubling of cell number. 

Subsequent studies on the effect of the above products on cell division 
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and growth in the presence of thymine revealed that neither the HMU 
nor the HMC hydrogenation products inhibited this organism, while 
both the HMUDR and HMCDR reaction mixtures inhibited growth and 
cell division. The prevention of death by the HMCDR product was due, 
therefore, to its inhibitory acitivity, while the HMUDR reaction mixture 
contained at least two substances, one which permitted cell division and a 
second which inhibited cell growth. 


LOG VIABLE BACTERIA 


2 3 

HOURS 

Fig. 2. Effect of pyrimidines on multiplication of Z. coli, strain 1517-. The follow- 
ing concentrations of compounds per ml. were added to the glucose-mineral salts 
medium and the division of the organism is as follows: X, 0.016 umole of thymine; 
O, 0.048 umole of hydrogenated HMU; @, 0.016 umole of hydrogenated HMUDR; 
@, 0.048 umole of hydrogenated HMCDR; A, 0.048 umole of hydrogenated HMC; 
@, no pyrimidine. 


Paper Chromatography and Bioautography of Hydrogenation Products— 
The hydrogenation products of HMU and HMUDR were resolved by 
paper chromatography in ethyl acetate-phosphate buffer (5) and subjected 
to bioautographic analysis (ig. 3). The hydrogenation of HMU produced 
dihydroHMU, thymine, and dihydrothymine, of which only thymine 
supported bacterial growth. Similarly, HMUDR_ was converted to 
dihydroHMUDR and thymidine, of which jonly thymidine supported 
growth (although dihydrothymidine was not detected in this particular 
reaction mixture, it was present in other preparations of hydrogenated 
HMUDR). Relative to a migration rate of 1.0 for dihydrothymine, 
values of 0.07, 0.07, 0.16, 0.20, 0.35, and 0.77 were found for HMUDR, 
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dihvdroHMUDR, dihydroHMU, dihydrothymidine, thymidine, and 
: thymine, respectively. Thymine and thymidine were eluted from chro- 
nd 
1e, 
ire 
la 
| 7 
ts Fig. 3. Tetrazolium bioautography of HMU and HMUDR hydrogenation prod- 
e; ucts. View from bottom of tray containing svnthetic agar layer seeded with &. 
2; | coli, strain L5y-, and overlaid with completed paper chromatograms of HMU (IIA 
se and IIB) and HMUDR (IV) hydrogenation mixtures. Chromatograms were run 


from the bottom to the top (circles on bottom are points of application of reaction 
mixtures). (1) and (III) are thymine and thymidine controls, respectively; (IIB) 
is the continuation of (ITA). The large penciled cireles are ultraviolet-absorbing 
areas and are thymine in (ITA) and unchanged HMUDR (dihydroHMUDR at same 
y spot) and thymidine in (IV). The dotted circles are dihydropyrimidine compounds 


d as revealed by the spray procedure on simultaneously run duplicate chromatographic 
d strips. The dark areas are blue regions of bacterial growth. Only thymine and 
e thymidine in (ITA) and (IV), respectively, permitted growth of the thymine-requir- 
ing bacterium. 
7 
matograms for bacterial assay and spectrophotometric identification and 
1 quantitatively determined by their ultraviolet absorption spectra in acid. 


It was found that, during hydrogenation of HMIU and HMUDR, 38 and 19 
et per cent of thymine and thymidine were formed, respectively. 
sii Several attempts were made to convert dihydrolIMU isolated by paper 
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chromatography to thymine. 40 wmoles of HMU were hydrogenated and 
the products were separated on large sheets of Whatman No. 1 paper as 
previously described. 17 wmoles of thymine were extracted from the paper. 
DihydroHMU = was eluted with water at 37° and concentrated in vacuo 
at 30°. DihydroHMU in the amount of only 4.3 umoles was estimated 
by using the extrapolated optical density at 230 mg in 0.1 N NaOH and 
assuming the extinction value for dihydrothymine (5). Difficulty has 
been experienced in extracting dihydropyrimidine compounds from paper 
chromatograms. 

0.4 zmole amounts of dihydroH MU in 1 ml. of water were heated at 110° 
for 30 minutes in both the presence and absence of 10 mg. of the rhodium 
catalyst. The reaction mixtures were analyzed for thymine formation by 
the increase in ultraviolet absorption at 265 my. No conversion to thy- 
mine was found (1 per cent conversion would be detected). In addition 1.3 
uinoles of dihydroHMU in 1.0 ml. of water with 10 mg. of rhodium catalyst 
were treated with hydrogen for 15 minutes. No increase in ultraviolet 
absorption was detected and no thymine or dihydrothymine was found by 
paper chromatography. 

Although HMUDR prepared from bacteriophage was con- 
verted to thymidine under conditions of catalytic hydrogenation, synthetic 
HMUDR? behaved differently. Hydrogenation of synthetic HMUDR 
stopped when 1 mole of Hz was absorbed per mole of compound. The 
sole product of the reaction was a dihydro compound (vellow color. in 
spray procedure) which was not separable by paper chromatography in 
ethanol-butanol-water (4:1:5) from) dihvdroHMUDR prepared from 
natural HMUDR (prepared from bacteriophage DNA). 

Similar bioautographic analyses, as conducted for hydrogenated HMU 
and HMUDR, were performed on the hydrogenation products of HATC and 
HMCDR.. Paper chromatography in butanol-water (90:10) revealed only 
dihydroH MC, dihyvdroHMCDR, and unchanged HMC and HMCDR 
with Ry values of 0.13 and 0.21 for the unhydrogenated and hydrogenated 
derivatives, respectively. Although by analogy with the formation of 
thymine and thymidine from HMU and HMUDR, respectively, 5-methyl- 
cytosine and its deoxyriboside might be expected, these compounds were 
not produced, Bioautographs revealed the absence of compounds in 
this series capable of supporting the multiplication of colt 

2? HMUDR was synthesized as follows: 9 mg. of uracil deoxvriboside were treated 
with SOO wmoles of 37 per cent formaldehyde in 0.08 x HCl in a sealed capillary tube 
at 100° for 24 hours. HMUDR was isolated and purified by paper chromatography 
in ethanol-acetate, pH 3.5 (12), and butanol-5 per cent NH,OH (13). The synthetic 
HMUDR had identical Rp values in these solvents and the same ultraviolet absorp- 
tion spectra as those of HMUDR prepared from bacteriophage DNA. 
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DISCUSSION 


HMCDR, HMU, and HMUDR, but not HMC, inhibit growth and 
division in a thymine-requiring strain of #. colt, This is not an inhibition of 
thymine biosynthesis alone, since in this event only cell division should 
be affected. It is of interest in this connection that HMC appears to 
permit growth of some thiamine-requiring mutants* of £. coli in the 
absence of thiamine (vitamin B,). Although there is no evidence to indi- 
cate where they inhibit, it is possible that the biosynthesis of thiamine is 
antagonized by HMCDR, HMU, and HMUDR, but not by HMC, which 
may serve as a precursor of the thiamine pyrimidine. 

Although the hydrogenations of uracil, thymine, and nucleoside and 
nucleotide derivatives with the rhodium catalyst proceed quantitatively 
without side reaction to the 5,6-dihydropyrimidine derivatives, this is 
not the case with the hydroxymethylpyrimidine and the cytosine deriva- 
tives. The 4-amino group in the cytosine and 5-hydroxymethyleytosine 
series activates the pyrimidine ring towards further hydrogenation, 
while the 4-amino group of the dihydrocytosine derivatives is readily 
hydrolyzed in aqueous solutions to ammonia (10). 

The catalytic hydrogenation of HMU (1) and HMUDR (1) produced 
thymine and thymidine respectively in yields of 38 and 19 per cent, 
respectively. Fink et al. (14) have also observed the formation of thymine 
following reduction of HMU; however, no quantitative data were supplied. 
It is supposed that this conversion occurs through the splitting out of 
water from a 5,6-dihydro-5-hydroxymethylpyrimidine (II) to form a 
5-methylenepyrimidine (III) derivative which then rearranges to form a 
5-methylpyrimidine derivative, 7.e. a thymine derivative (IV) (lig. 4, 
scheme (A)). Although it is not known that this reaction has its biological 
counterpart within cells, it may well prove to be so, perhaps at the nucleo- 
tide level. It has been recently reported that bacterial enzymes convert 
deoxyuridine nucleotide to a thymine nucleotide in a reaction requiring 
hydroxymethyltetrahydrofolic acid (15). 

Although the above mechanism is more feasible biologically, it is quite 
possible that the catalytic conversion to thymine and thymidine reported 
here proceeds via a hydrogenolysis of the carbon-oxygen bond in the 
hydroxymethyl] group (Fig. 4, scheme (B)). Wehave noclear-cut evidence 
on this point. In the experiment described, dihydroHMU isolated by 
paper chromatography was not converted to thymine in the presence of 
the rhodium catalyst and hydrogen. However, the dihydro-5-hydroxy- 
methylpyrimidines appear to contain an asymmetric carbon at C-5 and 
it may be that only one of the optical isomers formed by catalytic hydro- 


* Gots, J. 8., personal communication. 
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genation rearranged to form thymine. The isolated dihydroHMU might 
then be the enantiomorph sterically incapable of rearrangement (note 
that nearly 40 per cent of the original HMU was converted to thymine 
in the reaction). 

DihydroHMU and dihydroHMUDR did not replace the thymine re- 
quirements of EF. coli 15;-. They may be inactive because the genetic 
block in this organism is at an enzymatic step further along the biosynthetic 
pathway leading to thymine. More likely, as concluded in Paper IV, 
the reactions leading to thymine biosynthesis occur at the nucleotide level 
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Fic. 4. Possible mechanisms for conversion of HMU and HMUDR to thymine 
and thymidine. 


and a dihydrohydroxymethylpyrimidine nucleotide rather than the free 


pyrimidine or nucleoside may be the true intermediate. 

Finally, it must be pointed out that the characterization of dihydro- 
hydroxymethylpyrimidine derivatives is not established conclusively. 
Owing to the small amounts of materials employed, the identification of 


these products as 5,6-dihydrohydroxymethylpyrimidine compounds is | 
based primarily on the positive color spray test on chromatograms and | 


by analogy with the hydrogenation of the uracil, thymine, and cytosine 
derivatives which yielded predominantly the 5,6-dihydropyrimidine de- 
rivatives. 


SUMMARY 


5-Hydroxymethyleytosine, 5-hydroxymethyluracil, and their deoxyribo- 
sides were hydrogenated to prepare the corresponding dihydropyrimidine 
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derivatives. None of the hydroxymethyl derivatives supported growth 
of the thymine-requiring bacterium. All but hydroxymethylceytosine 
inhibited growth and division at a molar ratio of ten hydroxymethyl 
compounds to one thymine. Hydroxymethyluracil and its deoxyriboside 
were converted to thymine and thymidine, respectively, under conditions 
of catalytic hydrogenation. ‘The possible biological implications of this 
reaction are discussed. 
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ION EXCHANGE CHROMATOGRAPHY OF PURIFIED 
POSTERIOR PITUITARY PREPARATIONS* 


By ALBERT LIGHT,t ROGER ACHER,{t ann VINCENT pu VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, 
New York, New York) 


(Received for publication, April 29, 1957) 


The methods employed previously in this laboratory for the isolation of 
oxytocin and vasopressin depend upon the use of several procedures to 
arrive at a highly purified sample. Irom the acetone powder of the pos- 
terior pituitary gland, the extraction and fractionation method of Kamm 
and coworkers (1) leads to a fraction rich in oxytocin and one rich in vaso- 
pressin, each at a stage of intermediate potency. Further purification 
involves the use of countercurrent distribution (2, 3). In the isolation of 
lysine vasopressin additional purification is obtained by the use of zone 
electrophoresis, followed by a final purification by countercurrent distri- 
bution (4). Purification by the technique of partition chromatography 
was applied to preparations of oxytocin and vasopressin (5). 

In the present work a study was undertaken on the ion exchange chro- 
matography of posterior pituitary fractions of varying degrees of purity 
to obtain data on the complexity of these samples. It was also possible 
to determine whether this technique can be used to shorten the over-all 
purification. Basic proteins have been successfully chromatographed on 
the carboxylic acid ion exchange resin, IRC-50, and peptides resulting from 
the enzymatic hydrolysis of ribonuclease have been separated on the sul- 
fonic acid ion exchange resin, Dowex 50 (6). Preliminary studies on the 
ion exchange chromatography of vasopressin and oxytocin were previously 
reported by Taylor (7). In continuing this work, conditions were investi- 
gated which could be employed for both analytical and preparative experi- 
ments. The majority of the experiments reported in this paper deal with 
the chromatography of vasopressin. The chromatography of lysine vaso- 
pressin at constant pH and ionic strength will be reported as an analytical 
procedure for the assessment of purity of preparations. The high resolv- 
ing power of this procedure permitted the separation of lysine vasopressin 
from partially inactivated material. Conditions for the simultaneous sep- 
aration of the two hormones, oxytocin and lysine vasopressin, were found 

* This work was supported in part by a grant (H-1675) from the National Heart 
Institute, Public Health Service. 

t Postdoctoral Research Fellow of the National Cancer Institute, Public Health 
Service. 

t Rockefeller Foundation Fellow. Present address, Laboratoire de Chimie Bio- 
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with a gradient of pH and ionic strength. Gradient elution was used by 
Crampton et al. (8) for a chromatographic fractionation of calf thymus 
histone and by Sakota et al. (9) on an extract of posterior pituitary gland. 


Methods 


Kamm Fractionation and Countercurrent Distribution —Samples of oxy- 
tocin and vasopressin required in this work were obtained by purification 
of a hog pituitary preparation! (8 avian depressor units per mg. and 8 
pressor units per mg.). After submitting the material to the fractionation 
scheme of Kamm et al. (1), further purification was obtained by counter- 
current distribution. The solvent system for distribution of oxytocin was 
2-butanol-0.05 per cent acetic acid (A), and the same solvent system and 
2-butanol-0.08 m p-toluenesulfonic acid (B) were used for vasopressin. A 
Kamm Fraction e with a potency of 20 depressor units per mg. and 57 
pressor units per mg. on assay was distributed in Solvent System A for 50 
transfers to obtain a separation of an oxytocin fraction (70 units per mg.) 
and a vasopressin fraction (90 units per mg.). The oxytocin fraction was 
further submitted to 1000 transfers in the same solvent system to obtain 
a fraction with a potency of 350 units per mg. on assay. In a like manner, 
the lysine vasopressin fraction was submitted to 1322 transfers in Solvent 
System B to obtain a preparation with an activity of 210 units per mg. 
The pressor activity of vasopressin was measured in the rat (10), and the 
depressor activity of oxytocin was determined in the chicken (11). 

Chromatography—Amberlite IRC-50 (XE-64), batch No. 2006-3, was 
used in all the experiments. The procedure for the preparation of the resin 
and the columns was described by Hirs et al. (12). After purification of 
the resin, particles passing through a 120 mesh sieve were used. The 
columns were operated at room temperature. The effluent fractions were 
analyzed routinely by the Lowry et al. modification of the Folin method 
(13). Occasionally, the effluent was also analyzed by measurement of the 
optical density at 275 my or by use of the buffered ninhydrin reagent. of 
Moore and Stein (14). Location of the biologically active peaks was de- 
termined by assay of appropriate fractions. The position of the peak is 
described in terms of the number of hold-up volumes required for its elu- 
tion. The approximate value of the hold-up volume was determined under 
the experimental conditions used for the columns. 


RESULTS AND DISCUSSION 


Analytical Chromatography of Vasopressin 


Preliminary experiments were performed to determine the distribution 
coefficient of oxytocin and vasopressin at several values of pH and ionic 


1 The authors are indebted to Parke, Davis and Company for a gift of this mate- 
rial. 
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strength in the manner described by Hirs et al. (12). Conditions were 
found whereby the chromatography of samples should be possible. For 
the determination of the distribution of the hormones between the buffer 
and the resin both the Folin color and biological activity were measured. 
If inactivation of the hormone by the resin occurs, a discrepancy results in 
the value of the distribution coefficient calculated from each of the deter- 
minations. The resins Amberlite IRC-50 (XE-64) and Dowex 50-X2 and 
-X4 were tested. The binding of the hormones to IRC-50 did not appear 
to result in a loss of activity, and it was possible to demonstrate that the 
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FRACTION NUMBER 


Fic. 1. Analytical chromatography of lysine vasopressin on a 0.9 X 24 cm. column 
with 0.5 M ammonium acetate buffer of pH 6.38. The sample was 1.2 mg. of lysine 
vasopressin (210 units per mg.). Flow rate, 1 to 1.5 ml. per hour. Volume per 
fraction, 0.88 ml. @, Folin color at 700 mu; A, pressor activity, units per ml. 


distribution coefficient was a finite value as shown on reequilibration. It 
was not possible to obtain results with Dowex 50-X2 or -X4 in which the 
same value for the distribution coefficient was found for the Folin color 
value or the biological activity. 

Lysine Vasopressin——Satisfactory results for the chromatography of | 
lysine vasopressin under conditions of constant pH and ionic strength 
were obtained with 0.5 M ammonium acetate buffer, pH 6.88 (Fig. 1). A 
1.2 mg. sample assaying 210 pressor units per mg. was placed on a 0.9 X 
24 em. column of Amberlite IRC-50. The preparation was resolved into 
a vasopressin peak well separated from fast running inactive components. 
In this experiment, the active fraction was eluted in 5 hold-up volumes, 
and the shape of the curve was sharper and more symmetrical than that 
obtained under other conditions tested. The amino acid composition of 


d. 
8 
n 
r- 
1s 
id 
A 
7 
0) 
) 
1S 
in 
r, 
it 
is 
n 
re 
e 
of 
is 
n 


636 POSTERIOR PITUITARY PREPARATIONS 


the first peak was examined by paper chromatography and found to con- 
tain all the amino acids normally found in protein hydrolysates. 

In the chromatogram illustrated in Fig. 1, the vasopressin peak appeared 
to be a single component. It was possible to account for all the pressor 
activity placed on the column by summation of the biological activity of 
the vasopressin peak (recoveries gave 75 to 100 per cent of the starting ace- 
tivity in several experiments). [urthermore, the ratios of the Folin color 
to biological activity of the tubes comprising the peak of the curve were 
constant values. Additional evidence for the purity of the vasopressin 
peak will be given subsequently. 


Preparative Chromatography of Lysine Vasopressin 


[solation—In order to obtain further data on the purity of the vasopres- 
sin peak, a preparative column was prepared for the isolation of the sample. 
Essentially the same experimental conditions were used as in the analytical 
column except that the operation of the column was scaled up for the larger 
sample employed. 192 mg. of lysine vasopressin with a potency of 210 
pressor units per mg., which is the same fraction used for the analytical 


column, were chromatographed on a 3.4 X 35.5 em. column. The elution | 


curve was very similar to the result obtained on the analytical scale, and 
the peaks emerged in approximately the same position as previously (Fig. 
2). The elution was followed by both measurement of the Folin color and 
absorption of aliquots at 275 mu, and the agreement between the two curves 
was very satisfactory. Only the major peak was biologically active, and 
the curve for the pressor activity coincided with the curve of the color and 
absorption measurements. 

A fraction of the peak, as indicated in Fig. 2, was taken for further tests 
of purity. The contents of the tubes plus water washings were evaporated 
to dryness by lyophilization. The large concentration of ammonium ace- 
tate in the concentrated solution made it necessary to perform the lyophill- 
zation in small portions to prevent melting. The buffer salt was eliminated 
by repeating the lyophilization two times after the addition of water. A 
control experiment indicated that the buffer was completely volatile under 
these conditions. 

Tests of Purity—The biological activity of the main fraction was in the 
range of 240 to 280 pressor units per mg. and indicated that the sample was 
of a high degree of purity. This value was approximately the same as 
that for a sample of highly purified synthetic lysine vasopressin prepared 


in this laboratory (15). The amino acid composition gave the correct 


analysis on starch column chromatography (16). The side fraction of the 


peak was of the same potency as the main fraction, indicating that both | 


parts of the peak were of equal purity. 
The peak fraction was examined on paper electrophoresis with phos- 
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phate-NaCl buffer of pH 6 and 0.1 ionic strength. One spot was found 
after spraying with ninhydrin, and the same position was stained by brom 


phenol blue. 


Rechromatography of the main vasopressin fraction on an analytical 


column gave the result shown in Fig. 3. Only the vasopressin peak ap- 
peared, and its elution volume was as expected. The coincidence between 
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Fic. 2. Preparative chromatography of lysine vasopressin on a 3.4 X 35.5 em. 

column with 0.5 M ammonium acetate buffer of pH 6.38. The sample was 192 mg. 

of lysine vasopressin (210 units per mg.). Flow rate, 13 ml. per hour. Volume per 

fraction, 4.7 ml. @, Folin color with 0.1 ml. aliquots at 700 my; @, ultraviolet ab- 
sorption at 275 mu; A, pressor activity, units per tube. 


the curve for the Folin color and biological activity indicated that the 
sample was a single component. <A recovery of 90 per cent of the activity 
placed on the column was found by summation of the activity under the 
curve. This recovery was essentially quantitative. The rechromatog- 
raphy of the pressor principle indicated that the sample was homogeneous 
by this criterion, that the column procedure did not inactivate the sample 
under the experimental conditions for its chromatography, and that all 
the material was eluted. 

The purity of the sample was further examined by submitting the frac- 
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tion to countercurrent distribution in the system 2-butanol-0.05 per cent 
acetic acid for 420 transfers at room temperature for a 3 day period. The 
vasopressin possessed a K (partition coefficient) of 0.07, and the theo- 
retical curve plotted for this value of K agreed very well with the curve 
obtained by the use of the Folin reaction and the curve for biological actiy- 
ity. The recovery of biological activity under the curve accounted for 75 
per cent of the starting activity; hence any inactivation that may have 
occurred would be rather small. Sufficient material was obtained from 
the distribution to enable a characterization of the isolated product. The 
specific activity of this sample was 220 to 250 pressor units per mg., and 
these values indicated that a small degree of inactivation occurred under 
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FRACTION NUMBER 


Fic. 3. Rechromatography of the main peak from Fig. 2 on a 0.9 X 24 cm. column 
with 0.5 M ammonium acetate buffer of pH 6.38. The sample was 1.3 mg. Flow 
rate, 1.3 ml. per hour. Volume per fraction, 1 ml. @, Folin color at 700 my; A, 
pressor activity, units per tube. 


the conditions used for countercurrent distribution and the recovery of 
the sample. A satisfactory amino acid analysis was obtained for the sam- 
ple. 

Chromatography of Partially Inactivated Vasopressin—An interesting ob- 
servation indicated the usefulness of the chromatographic procedure for 
the determination of purity of a sample. In a column separation, a lysine 
vasopressin peak appeared to be a single component based on the agree- 
ment between the Folin color curve and the biological activity of the tubes 
comprising the peak. After storing the sample in the column buffer at a 
pH of 5.8 for 35 days in the deep freeze, it was found that a little more than 
50 per cent of its activity was lost... It was thought that a chromatographic 
examination of this sample under the conditions described above would 
provide an opportunity to determine whether another component could 
be detected. 

A 0.9 mg. sample of the partially inactivated lysine vasopressin was 
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chromatographed on a 0.5 & 16 cm. column with 0.5 M ammonium acetate 
buffer, pH 6.40. The first peak appeared in 2.7 hold-up volumes, and 
a major peak emerged in 5 hold-up volumes. The vasopressin peak at 5 
hold-up volumes appeared to be a single component and represented be- 
tween 75 and 85 per cent of the activity placed on the column. The first 
peak, representing about 20 to 25 per cent of the Folin color of the sample, 
had a small degree of pressor and avian depressor activity, the ratio of 
the latter activity to the pressor activity being higher than that found in 
lysine vasopressin itself. The first peak with a lower elution volume than 
vasopressin may represent a less basic component. Since the lysine vaso- 
pressin before the loss of activity had the properties of a single component, 
it is evident that the chromatographic procedure is capable of resolving a 
partially inactivated sample into an active and a relatively inactive com- 
ponent. 


Application of Chromatographic Procedure to Kamm Fractions 


Chromatography under Conditions of Constant pH and Tonic Strength— 
The results already discussed on the isolation of a highly purified sample 
of lysine vasopressin by ion exchange chromatography starting with a high 
activity sample led to an attempt to use the procedure on cruder samples 
of intermediate potency. A sample of lysine vasopressin assaying 50 
units per mg. was derived from a Kamm Fraction f (20 units per mg.) 


which received additional purification by zone electrophoresis by the 


method of Ward and du Vigneaud (4). The conditions of chromatography 
previously used were followed except that a longer column (56 cm.) was 
tested to increase the resolving power. 

The effuent was analyzed by the Folin color and also by ninhydrin after 
treatment of the aliquot with alkali to remove the ammonium acetate in 
vacuo. Good agreement between the curves for ninhydrin and the Folin 
color was found. A large peak and at least three components emerged 
first, followed by vasopressin associated with at least three other compo- 
nents. It was obvious from the results that the sample contained a large 
number of components and that the separation of the vasopressin peak was 
not sufhicient to obtain the active component free of other contaminants. 
The specific activity of material derived from the peak tubes of the vaso- 
pressin peak was 100 to 130 pressor units per mg. 

The use of a long column was not by itself sufficient to resolve all the 
components as well separated peaks suitable for isolation. In all probabil- 
ity the contaminants were peptides or free amino acids as seen by the 
greater ninhydrin value compared to the Folin color for several of the com- 
ponents. 

Chromatography with Gradient of pH and Tonic Strength—With a gradient 
elution the separation of both oxytocin and vasopressin is possible on a 
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single column. <A sample of 1.5 mg. of oxytocin (300 depressor units per 
mg.) and 3.5 mg. of lysine vasopressin (210 pressor units per mg.) was 
chromatographed on IRC-50 with an ammonium acetate buffer of increas- 
ing pH and ionic strength. The sample was added to a column (0.9 X 
14 ¢m.) equilibrated with 0.1 M ammonium acetate buffer, pH 4.5, and 
washed into the resin with this buffer. A 50 ml. mixing chamber contained 
the same buffer and a buffer at pH 7.7 (0.5 M ammonium acetate) was intro- 
duced by means of a dropping funnel. The pH of the effluent progressively 
increased from 4.5 to 5.95, with a total effluent volume of 275 ml. Under 
these conditions the two peaks were well separated and emerged at the 
following pH values and effluent volumes: oxytocin, pH 5.3, 120 ml.; lysine 
vasopressin, pH 5.8, 220 ml. 

In order to test the effect of a gradient elution on a crude preparation, 
a 15 mg. sample of Kamm [ractione (58 pressor units per mg. and 31 depres- 
sor units per mg.) was chromatographed under essentially the same condi- 
tions as those for the oxytocin and vasopressin separation except that the 
column was equilibrated initially with a buffer of pH 5.0 instead of pH 4.5. 
The peaks of oxytocin and vasopressin were at the same pH values found 
for the purified samples. On the basis of the Folin reaction the results 
obtained by separation by gradient elution were similar to those obtained 
under conditions of constant pH and ionic strength. However, the results 
indicated that neither oxytocin nor vasopressin could be directly isolated 
from such a column in a high degree of purity. It is possible, of course, 
to use the separated peak fractions for a rechromatography to obtain a 
further purification. 

It can be seen that the chromatography of low potency samples obtained 
from the Kamm fractionation of posterior pituitary powder did not yield 
separated peaks for either oxytocin or vasopressin when the chromatog- 
raphy was performed under constant conditions of pH and ionic strength 
or with a gradient. However, the value of the chromatographic results 
of these fractions is in the ability to judge the complexity of the mixture 
and to obtain an estimate of the quantity of active material in the sample. 
Previously, the use of countercurrent distribution for purification did not 
give any estimate of the number of components that were present. Iur- 
thermore, analysis of the effluent fractions with the Folin reagent and with 
ninhydrin indicated that the majority of the contaminating components 
were peptides. This is in agreement with the analysis of posterior pituitary 
extracts reported by Winnick et al. (17). It is apparent that the purifica- 
tion of the hormones would be facilitated if the large peptide content of 
the extracts of the acetone powder of the posterior pituitary glands was 
eliminated. An approach to this problem is now being made in this labora- 


tory. 
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SUMMARY 


The chromatography of vasopressin was studied on the carboxylic acid 
ion exchange resin, Amberlite IRC-50 (XE-64). A sample of purified 
lysine vasopressin, obtained after 1300 transfers from a countercurrent 
distribution, was resolved into a small inactive component and a major 
active component by chromatography with a 0.5 M ammonium acetate 
buffer of pH 6.38. The homogeneity of the vasopressin was ascertained 
after isolation of the vasopressin from a preparative column. Chromatog- 
raphy of samples under these conditions is suitable as an analytical proce- 
dure to determine the purity of the material, and, on a larger scale, it per- 
mits the isolation of a homogeneous fraction. 

A sample of intermediate potency was examined under elution conditions 
and under a gradient of pH and ionic strength. The fraction was resolved 
into many components, presumably peptide in nature, but the active com- 
ponents could not be completely separated as single peaks by either method. 
It is possible to use a column with a gradient of pH and ionic strength for 
the separation of samples of purified oxytocin and vasopressin, both of 
which behave in a reproducible chromatographic manner. 
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ENZYMATIC TRANSFER AND HYDROLYSIS INVOLVING 
GLUTAMINE AND ASPARAGINE* 


By NATHAN GROSSOWICZ ann YEHESKEL S. HALPERN 


(From the Department of Bacteriology, The Hebrew University-Hadassah 
Medical School, Jerusalem, Israel) 


(Received for publication, February 11, 1957) 


The occurrence in bacteria of transferases, enzymes which catalyze the 
exchange of the 8-aspartyl group of asparagine and the y-glutamyl group 
of glutamine with hydroxylamine or labeled ammonia, has been described 
(1-4). Transferase activities have also been found in extracts of mam- 
malian tissues (5), in the mold Neurospora crassa,' and in extracts of green 
plants (6-8). Whereas transferase activity in plant (7), mammalian (5), 
and Neurospora preparations! is dependent upon the presence of manganese 
together with phosphate or arsenate, these ions do not appear to be neces- 
sary for transferase activity in bacterial preparations (2). Recently, 
however, purified preparations of Proteus vulgaris were also found to possess 
a second type of glutamotransferase which is activated by manganese (9). 
Transfer reactions leading to the synthesis of glutamyl peptides from 
glutamine were catalyzed by preparations of Bacillus subtilis (10). As 
in the case of the bacterial transferases, the synthesis of glutamyl peptides 
by B. subtilis does not require the presence of any cofactors. 

Enzymes called synthetases, which catalyze the synthesis of glutamine 
or glutamohydroxamic acid from glutamic acid and either ammonia or 
hydroxylamine, were found in animal (11-13), plant (14, 15), and microbial 
(16, 17) systems. A similar system in lupine seedlings, which synthesizes 
asparagine from aspartic acid and ammonia, has recently been described 
(18). Synthetase activities require the presence of ATP? and magnesium 
ions. Enzymes were also found which catalyze the hydrolysis of glutamo- 
and aspartohydroxamic acids (2, 19). 

The relationship among the various enzymatic reactions mentioned 
above is not clear. It would be of great interest to ascertain whether all 
the four reactions, (1) the synthesis of the amide, (2) the hydrolysis of the 
amide, (3) the transfer reactions leading to the formation of the corre- 
sponding hydroxamiec acids, and (4) the hydrolysis of the hydroxamates, 
are due to the activity of one enzymatic system or whether several enzyme 


* Aided in part by a grant from the Hadassah Medical Organization, Jerusalem. 

' Grossowicz, N., unpublished data (1951). 

> The following abbreviations are used: ATP = adenosine triphosphate; ADP = 
adenosine diphosphate; GHA = y-glutamyl hydroxamic acid; AHA = §-aspartohy- 
droxamic acid. 


643 


644 GLUTAMINE AND ASPARAGINE 


systems are involved. Some workers consider the transferase activities 
as being dissociated from the synthetase systems, at least in the bacterial 
preparations studied (2, 9). Others, like Elliott (14), do not commit 
themselves. On the other hand, Meister and his associates (19-21) 
believe that the four reactions are all catalyzed by the same enzyme. 
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Fic. 1. The effect of manganese, phosphate, and arsenate on the glutamotrans- 
ferase activity of M. phlet. The reaction mixture for the determination of the 
effect of manganese contained L-glutamine, 0.02 Mm; NH2OH-HCI, 0.02 m; MnSQ,, in 
various concentrations; phosphate, 0.002 mM; and bacterial protein, 9.4 mg., pH 58. 
Total volume 2 ml. Incubation for 1 hour at 37°. For determination of the opti- 
mal concentrations of phosphate and arsenate the system contained L-glutamine, 
0.02 Mm; NH2OH-HCI, 0.02 am; MnSO,, 0.005 mM; phosphate or arsenate as indicated; 
and bacterial protein, 3.5 mg., pH 5.8. Total volume 1 ml. Incubation for 1 hour 
at 37°. 


The present study was conducted on the transfer reactions involving 
the amide group of asparagine and glutamine, and the synthesis and 
hydrolysis of their corresponding hydroxamic acids in cell-free extracts of 
Mycobacterium phlei. 


EXPERIMENTAL 


Cultures of phlei were prepared and cell-free extracts obtained 
according to the procedures which have already been described (22). 
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Hydroxamic acids were determined by the method of Lipmann and Tuttle 
(23) and hydroxylamine by that of Csaky (24). Ammonia was estimated 
by nesslerization (22). Amino acids were identified by paper chromatog- 
raphy and estimated quantitatively by the method of Giri e¢ al. (25). 


Results 


Glutamotransferase—It has been shown that extracts of J/. phlei are 
high in asparaginase and low in glutaminase activity (22). These extracts 
were tested for transferase activities by experiments carried out under a 
wide range of hydrogen ion concentrations (pH 5.0 to 9.5) in the presence 
of manganese, phosphate, and ATP. No exchange was found to occur 
between asparagine and hydroxylamine. On the other hand, a vigorous 


TABLE I 


Influence of Adenosine Triphosphate on Glutamotransferase Activity 
of M. phlei Extracts 


umoles GHA formed per mg. protein per hr. 
Additions ATP present, X 107! 
0 | 0.1 | 0.5 | 5.0 
Phosphate (6.6 K 10-3 M)...... | 0.31 0.32 | 0.33 | 0.32 


The reaction mixture contained L-glutamine 0.02 Mm, NH,OH-HCl1 0.02 m, MnSO, 
0.005 M, phosphate and ATP as indicated, and bacterial extract (10 mg. of protein). 
Total volume 2 ml. Incubation at 37° for 1 hour. 


exchange between glutamine and hydroxylamine was observed.’ The 
glutamotransferase of 1/. phlei was found to require the presence of man- 
ganese and phosphate ions. The optimal concentration of manganese 
was 3.7 & 107% m (Fig. 1) and magnesium could not be substituted for 
manganese. By treating extracts with an anion exchange resin (Amber- 
lite IRA-400) it could be shown that phosphate was essential for the 
transfer reaction. Arsenate could be substituted for phosphate, and 
accelerated the reaction to almost + times the rate. Whereas the optimal 
concentration of phosphate was 1.5 & 107% M, arsenate was optimal at a 
concentration of 5.0 XK 10-3 m (Fig. 1). ATP was not necessary but at 
fairly high concentrations (5.0 & 10-4 m) could replace inorganic phos- 
phate. When phosphate was present, ATP was ineffective (Table I). 
The affinity of the enzyme for hydroxylamine was high and a maximal 
reaction rate was obtained at a concentration of | & 10°? Mm NEH.LOH 


* Lichtenstein, Y., unpublished experiments (1953). 
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Fic. 2. Hydroxylamine concentration and the activity of the glutamotransferase 
The system contained L-glutamine, 0.033 mM; NH2OH-HCI, as indi- 
cated; MnSO,, 0.005 m; Na;AsO,4, 0.002 mM; and bacterial protein, 2.5 mg., pH 538. 
Incubation for 1 hour at, 37°. 
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hic. 3. Glutamine concentration and the activity of the glutamotransferase of 
The svstem contained L-glutamine, as indicated; NH2OH-HCI, 0.02 ™; 
MnSO,, 0.005 m; phosphate, 0.0017 M; and bacterial protein, 4.8 mg., pH 5.8. Total 
Ineubation for 30 minutes at 37°. 
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(Fig. 2). Higher concentrations of hydroxylamine (5 to 20 X 10 Mm) 
inhibited the formation of hydroxamate considerably (16 to 45 per cent 
inhibition). On the other hand, saturation of the enzyme with glutamine 
was not attained even at a concentration of glutamine as high as 2.0 X 
10-' m (Fig. 3). The rate of formation of GHA was proportional to the 


4r 


A FORMED 


GH 


Fig. 4. The influence of hydrogen ion concentration on the glutamotransferase 
activity of M. phlei. The reaction mixture contained L-glutamine, 0.02 M ; NH2OH-- 
HCI, 0.02 m; MnSO,, 0.005 m; ATP® (when this experiment was performed, it was not 
yet clear that ATP was not required in this reaction), 0.0012 mM; phosphate, 0.01 M; 
pH, as indicated; bacterial protein, 9.4 mg. Total volume 2 ml. Incubation for 50 
minutes at 37°. 


concentration of enzyme as long as the quantity of protein in the reaction 
mixture was less than 7 mg. per ml. Fig. 4 shows the dependence of the 
glutamotransferase activity on the hydrogen ion concentration; the highest 
activity was obtained at pH 5.6 to 5.8 and declined rapidly on both sides 
of the pH curve. 

Synthetases —All attempts to find glutamo- or aspartosynthetase activities 
in extracts of Al. phlei failed. Both systems were tested over a wide 
range of pH values (4.0 to 13.0) and in the presence of ATP with MgSO, 
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and either cysteine or KCN (13,14). At high pH values (9.0 to 13.0) 
some non-enzymatic formation of hydroxamic acid took place in the 
presence of either active or boiled enzyme. 

Hydrolysis of Aspartohydroxamic Acid-—Dialyzed extracts of M. phlei 


were found to catalyze the hydrolysis of AHA into aspartic acid and |} 


hydroxylamine. The pH curve of the reaction shows a sharp peak at 
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pH 
hic. 5. The influence of hydrogen ion concentration on the activity of the AHA- 
hydrolyzing enzyme of VM. phlei. The system contained L-AHA, 0.01 mM; Veronal 
buffer, 0.014 Mm at pH values as indicated; bacterial protein, 5.3 mg. Total vol: 
ume 2 ml. Incubation for 75 minutes at 37°. 


pH 7.6 to 7.7 and differs considerably from the pH curve of the aspara- 
ginase, which shows optimal activity over a wider pH range (pH 8.0 to 
9.0) (Pig. 5). The splitting of AHA was strongly inhibited by L- and 
b-asparagine and to a lesser extent by L-aspartie acid. At a ratio od 
L-asparagine to L-aspartohydroxamic acid as low as 1:20, the hydrolysis 
of AHA was diminished by approximately 40 per cent (Fig. 6). On the 
other hand, the addition of L-AHA in concentrations 15 times as high as 
that of L-asparagine did not appreciably (20 per cent) inhibit the hydrolysis 
of the amide. Both the affinity of L-ATLA for the enzyme and the rate of 
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Fig. 6. The effect of analogues of AHA on the hydrolysis of AHA. The system 
contained L-asparagine; L-aspartie acid; c-AHA and NH,Cl, as indicated; Tris buf- 
fer, pH 7.7, 0.017 mM; and bacterial protein, 2.7 mg. Total volume 1 ml. Incubation 
for 1 hour at 37°. 
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Fic. 7. The activity of the AHA-hydrolyzing enzyme as a function of the con- 
centration of AHA. The system contained t-AHA, as indicated; Tris buffer, pH 
7.7, 0.033 m; and bacterial protein, 3.2 mg. Total volume 1 ml. Incubation for 
1 hour at 37°. 
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decomposition of the hydroxamate did not differ greatly from the corre- 
sponding values for L-asparagine (22) and were fairly high (Fig. 7). 


DISCUSSION 


In our experiments, extracts of J/. phlet have been found to possess a 
manganese-activated glutamotransferase. However, no measurable gluta- 
minase activity was detected. There was no aspartotransferase activity 
in spite of the presence of a strong asparaginase (22). Thus it would 
seem that in J/. phlei the reactions of hydrolysis and transfer are catalyzed 
by different enzymes. It is of considerable interest that neither asparto- 
nor glutamosynthetase activities were observed in A/. phlez under condi- 
tions optimal for these reactions in animal, plant, and other bacterial 
systems (11 to 13, 15, 16, 18). It seems therefore that the asparaginase 
and glutamotransferase of M. phlei are in no way connected with the 
corresponding synthesizing enzyme systems. 

We also found that extracts of 47. phlet have the ability of catalyzing 
the hydrolysis of AHA to aspartic acid and hydroxylamine. It is worth 
noting that, whereas the hydrolysis of AHA is strongly inhibited by the 
presence of asparagine and to a lesser extent by aspartic acid, the hydrolysis 
of L-asparagine is not affected by the presence of AHA. AHA and aspara- 
gine appear to have similar affinities for the enzymes which catalyze their 
hydrolysis and similar rates of enzymatic decomposition. Hence the 
one-sided inhibition of AHA splitting by L-asparagine could scarcely be 
explained unless it be assumed that the hydrolysis of AHA and of aspara- 
gine by extracts of A/. phlei is due to different enzymes. 

The glutamotransferase of M/. phlet, unlike that of Proteus vulgaris 
(2, 5), has been shown to require the presence of manganese together with 
phosphate or arsenate. These requirements are identical with those of the 
animal enzyme (5) and that of Neurospora crassa.1. ATP has no influence 
on the enzymatic activity when tested in the presence of an excess of 
phosphate. However, in the absence of added phosphate (or arsenate) 
high concentrations of ATP activate the system to almost the same extent 
as would the addition of phosphate. This effect can be explained by the 
liberation of inorganic phosphate from ATP by ATPase and myokinase 
found in extracts of this organism (26). 

It has been shown that ADP strongly inhibits the synthesis of glutamine 
from glutamic acid, ammonia, and ATP (12). Therefore, the failure to 
demonstrate glutamosynthetase activity in preparations of M. phla 
could also be interpreted as being due to the inhibition of the system by 
ADP liberated by ATPase action. If this assumption were true, enough 
ADP should accumulate to inhibit glutamosynthetase activity of extracts 


4 Grossowicz, N., unpublished data (1951). 
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known to possess this enzyme. Thus the following experiment was set 
up: sonic extracts of P. vulgaris were prepared and tested for glutamosyn- 
thetase activity. This test was performed in the presence and in the 
absence of M. phlei extracts. It was found that the addition of M. phlei 
extract did not inhibit the glutamosynthetase activity of the Proteus 
preparation (see Table II). The inference that J/. phlet extracts lack 
glutamosynthetase activity seems therefore justified. 


TABLE II 
Influence of M. phlei Extracts on Glutamosynthetase Activity of P. vulgaris 


Additions GHA formed* 
| pmoles 
Extract of M. phlezt (4.5 mg. protein).............. | 3.26 


The system contained L-glutamic acid, 0.05 mM; NH2OH-HCl (adjusted to pH 
7.0), 0.4m; MgSO,, 0.01 m; ATP, 0.01 m; Tris buffer, pH 7.0,0.1M; P. vulgaris extract, 
10.8 mg. of protein; extract of VW. phlez as indicated. Total volume, 2 ml. Ineu- 
bation at 37° for 45 minutes. : 

* Corrections were made for the values of the blanks (without glutamie acid) 
and for the VM. phlei extract. 


SUMMARY 


1. Extracts of JJ ycobacterium phlei were found to possess glutamotrans- 
ferase activity and were active in hydrolyzing aspartohydroxamic acid 
(AHA) into aspartic acid and hydroxylamine. Aspartotransferase and 
glutamo- and aspartosynthetases were not found. 

2. The glutamotransferase was dependent upon manganese (optimal 
concentration 3.7 X 10~-% mM) and phosphate (optimal concentration 1.5 X 
10-3 m) for activity. Magnesium could not be substituted for manganese, 
whereas phosphate could be replaced by ATP or arsenate; the latter was 
more active than phosphate. 

3. The pH optimum of the glutamotransferase was between 5.6 and 5.8, 
falling off steeply at more acid or alkaline pH values. 

4. The affinities of the transferase system for hydroxylamine and 
glutamine were investigated. Saturation of the enzyme with hydroxy]- 
amine was achieved at a concentration of 1.0 X 10-° mM; in 5- to 20-fold 
higher concentrations, hydroxylamine inhibited the transferase activity 
(16 to 45 per cent). On the other hand, even as much as 2.0 X 107' M 
of glutamine was not enough to saturate the enzyme. 

d. The hydrolysis by J/. phlet extracts of AHA and of asparagine was 
compared. The pH curve of the AHA-hydrolysis system was very steep 
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(optimal pH 7.6 to 7.7); that of asparaginase showed a much wider range 
of optimal activity (pH 8.0 to 9.0). Similar enzyme-substrate affinities 
were found in both systems. However, the hydrolysis of AHA was strongly 
inhibited by asparagine, whereas AHA did not appreciably affect aspara- 
ginase activity. 

6. It is suggested that the transfer and hydrolysis reactions discussed 
are catalyzed by different enzymes. 


The participation of Dr. Yehudith Lichtenstein in the early phases of 
this work is gratefully acknowledged. The authors are indebted to Dr. 
N. Lichtenstein, from the Department of Biological and Colloidal Chemis- 
try of the Hebrew University, Jerusalem, for his generous gift of L-asparto- 
hydroxamie acid. 


Addendum—After completion of this work, additional experiments were performed 
with p-AHA in order to elucidate the stereospecificity of the AHA-hydrolyzing en- | 
zyme. It was found that the enzyme hydrolyzes L- and p-AHA at a similar rate. {| 
We have already reported (22) that the L-asparaginase of M. phlei is inhibited com- | 
petitively by p-asparagine. Thus, a striking difference in the stereospecificity of the 
two systems (L-asparaginase and AHA-hydrolyzing enzyme) is found, which presents 
additional proof for the non-identity of these enzymes. 
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THE CHEMICAL KINETICS OF THE ENOLASE REACTION 
WITH SPECIAL REFERENCE TO THE USE OF 
MIXED SOLVENTS 


By E. W. WESTHEAD* ann BO G. MALMSTROM 
(From the Institute of Biochemistry, University of Uppsala, Uppsala, Sweden) 


(Received for publication, February 5, 1957) 


A recent review by Alberty (1) shows that a number of enzymes have 
now been studied extensively from a kinetic point of view. It is apparent 
that certain aspects of enzymic catalysis, such as the general applicability 
of the Michaelis-Menten or Briggs-Haldane equations, have been well 
established, but that the specific courses of such reactions have been de- 
termined in only a few instances. While important information may be 
derived from non-kinetic sources (2), ‘“‘intermediates’”? found by such 
means may have no direct role in the catalytic mechanism (cf. (3)); there- 
fore kinetic measurements will always be a necessary part of the investiga- 
tion. 

As a means of increasing the information obtainable through the kinetic 
approach, the addition of organic solvents to the reaction medium would 
seem promising. The advantages to be gained would be as follows: first, 
a lowering of the freezing point of the solution and, second, an increased 
range of other physical properties, thereby allowing the experimenter to 
vary kinetic parameters which are fixed in purely aqueous solution. The 
depression of the freezing point is important with respect to hitherto un- 
explained peculiarities of many enzyme systems at low temperatures, such 
as a rapid fall off in the Arrhenius plot (4, 5) and frequent irreproducibility 
of the rate constant in the neighborhood of 0° (4, 6). Another, hitherto 
unexplored, possibility is the use of very low temperatures to slow up the 
attainment of the steady state. In this way it may be possible to study 
the transient state kinetics of enzyme reactions (7) without the use of the 
relatively complicated rapid reaction techniques of Roughton and Chance 
(8). 

The second possible advantage to be derived from the use of solvent 
mixtures, 7.e. a continuous variation of the reaction medium, has been 
investigated only recently despite the fact that it has been a well estab- 
lished tool in physical organic research (cf. (9, 10)). Undoubtedly the 
possibility of denaturation or other special effects on the protein has caused 


* Successive support by the American-Scandinavian Foundation, New York, and 
the National Science Foundation, Washington, I). C., as a postdoctoral research 
fellow is gratefully acknowledged. 
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hesitation on the part of research workers to apply the technique to en- 
zyme problems. On the other hand, when organic solvents have been used 
to reduce the freezing point of enzyme solutions, the tacit assumption 
seems to have been made that no such special effects exist (5). In general 
no background experiments to test this assumption have been reported. 

As part of a program of research on the mechanism of enzyme action, 
the work described in the present communication is a relatively detailed 
study of the kinetics of the enolase reaction with special regard to the 
effect of organic solvents. This work is also intended to serve as a back- 
ground for low temperature kinetic studies now in progress. Enolase was 
chosen to be the first enzyme investigated because certain aspects of its 
behavior have been thoroughly studied by one of the authors (11, 12), 
because it is a rather stable enzyme, and because it can be readily purified 
(13). 

The data presented here elucidate several effects observed earlier, such 
as inhibition by high concentrations of substrate or activating metal ion 
(11), and, furthermore, show interesting and important effects of buffer 
ions. These latter data support in part the suggestion of Kistiakowsky 
and Lumry (4) that ‘‘breaks” in Arrhenius plots are due to experimental 
conditions and are not inherently part of the enzymic mechanism. The 
complexity of the effects of species present in the reaction media described 
here points to the desirability of fairly thorough studies on a given enzyme 
and shows the danger of making deductions from the effects of organic 
solvents without a sufficiently extensive study of such effects. Special 
attention has been given, in this study, to the accurate inspection and 
control of all factors likely to influence the rate measurements, and the 
kinetic information has been complemented by centrifugal sedimentation 
studies. Finally, on the basis of the kinetic studies in mixed solvents, a 
somewhat more detailed mechanism has been suggested. 


EXPERIMENTAL 


Material and Methods 


Purification of Enolase—The enolase used in these studies was obtained 
from yeast as previously described (11), but the final purification of some 
samples was made by electrophoresis and chromatography (13). No dif- 
ferences in kinetic behavior were detected among the various preparations. 

Substrate acid (PGA) was synthe- 
sized and purified as previously described (11). 

Metal Solutions—-Weighed amounts of MgO were dissolved in standard 
HCl] solution to give an approximately neutral, 2.27 M solution of MgCh, 
which was stored and diluted with metal-free HeO as needed for exper'- 
ments. | 
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Organic Solvents—Methanol and glycerol were Merck’s (Darmstadt) 
pro analyst grade reagents. Dioxane was technical grade, which was 
refluxed with sodium under a slow stream of nitrogen for about 2 days or 
until the metal beads appeared bright. It was then distilled under nitro- 
gen Within a range of 0.1°.. The bulk of the material was stored frozen 
under nitrogen, while quantities for immediate use were stored in the re- 
frigerator as 50 per cent (by weight) aqueous solutions. 96 per cent 
ethanol of pharmaceutical grade, which was distilled in a glass apparatus 
prior to use, Was employed; its boiling range was less than 0.1°. 

Buffer Solutions—Phosphate and _ tris(hydroxymethyl)aminomethane 
(Tris)-HCI buffers of ionic strength 0.050 were used. Phosphate buffers 
were prepared from KH2PO4 and Na2HPO,. Solutions of Tris-HCl buffers 
were prepared by titrating a 0.20 N solution of HCl to pH 7.8 with a more 
concentrated solution of Tris, at the temperature at which the buffer was to 
be used. This was then diluted with water, in a volumetric flask, to make 
the solution 0.10 ~ in chloride ion. Buffer to be used at —7° was prepared 
according to an extrapolation of a plot of the temperature at which pH 
7.8 was attained versus the volume of Tris solution added. 

Buffer solutions to be used in 0.50 Mm KCI solution were prepared in the 
presence of 0.50 m KCI, then diluted to the correct buffer concentration 
in a volumetric flask containing sufficient KC] to make the resulting solu- 
tion 1.00 M in potassium ion. The measured pH values of four solutions 
containing the highest concentrations of organic solvents used were in 
each case less than one-tenth of a pH unit away from pH 7.8. The pH 
used (7.8) is the optimal pH of enolase under the conditions employed 
(unpublished experiments of Malmstr6m and Westlund); the rate is there- 
fore relatively insensitive to minor variations in pH. 

Extraction and Storage of Solutions—-Combined solutions of KCI, Tris 
buffer, and MgCl. were prepared at double strength and then extracted 
with dithizone reagent (14), which does not remove Mg*t+. PGA solutions 
were extracted and stored frozen. PGA was not combined with the metal 
solutions until shortly before use, since prolonged contact (several days 
to weeks) between these two species leads to reaction and eventual precip- 
itation. 

Activity Mcasurements—The activity measurements were based on the 
change of optical density (D) with time, measured in a Beckman DU 
spectrophotometer as previously described (15), except that a lower wave 
length (230 mu) was used to increase the sensitivity. All activities are 
in terms of initial velocities, AD per minute (7%). The estimation of initial 
velocities in the case of low substrate concentration was made with the 
aid of a mirror and straight edge to fit a tangent to the curve at the origin 
as described by Livingston (16). This method was found to be superior 
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in speed and reproducibility to that of fitting the data to an empirical 
cubic equation, as previously done (15). 

Reactions that were too rapid for manual rate determination were re- 
corded on a 10 mv. Leeds and Northrup recorder, with a chart speed of 
0.5 inch per 10 seconds and a response time of 1 second for full scale de- 
flections. 

Normal mixing was performed by adding 25 ul. of enzyme solution to 
the substrate in the cuvette, by using a plastic plunger described by Boyer 
and Segal (17). For faster reactions, and measurements below 0°, a two 
chamber, ‘‘stopped flow”? mixing device, similar to that of Beers (18), was 
used. 

Temperature Control—For measurements between 0—40°, the Beckman 
cell compartment was temperature-controlled by means of the ‘‘thermo- | 
spacer”? arrangement; the temperature was read on a thermometer in- 
serted into a cell half filled with water before and after each set of three | 
measurements. Below 0°, a 30 liter glycol-water bath, refrigerated and 
temperature-controlled, was used as temperature controller and stabilizer 
for the “‘stopped flow” mixer. ‘Temperature was measured with a thermo- 
couple and recorded automatically. Fuller details will be given in a sub- 
sequent publication. | 

The absorption spectrum of phosphoenolpyruvic acid from 220 to 244 my — 
was found not to be significantly temperature-dependent under the con- | 
ditions of our experiments. | 

Determination of Substrate-M etal Interaction—The determinations of the 
dissociation constant for the complex between the substrates and Mgtt 
were based on the difference in molar extinction coefficients between the 
free and metal-complex forms of phosphoenolpyruvic acid, as discussed by 
Malmstr6ém (19). 

Ultracentrifugal Studies—The ultracentrifugal behavior of enolase in 
aqueous solution was compared with that in some mixed solvents in a 
Spinco model E ultracentrifuge. 


Results 


Buffer Effects—Fig. 1 shows the temperature dependence of the enolase 
reaction under four different conditions. The two lower curves (Curves 
c and d) were obtained by using phosphate buffer at pH 6.8, while the two 
upper ones (Curves a and b) were obtained by using Tris-HCl buffer at 
pH 7.8. Both pairs of curves were recorded under comparable conditions, 
i.e. at optimal concentrations of substrate and Mg++. The pH values of 
the solutions were the same at all temperatures. The rates shown for Curves 
b and d were determined in the presence of 27 per cent glycerol (by weight), 
while those shown for Curves a and ¢ were determined in purely aqueous 
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solution. There are two significant differences between the pair of curves 
obtained in phosphate buffer and the pair obtained in Tris-HCl buffer. 
The first difference is that the two phosphate curves, Curves c and d, show 
a distinct deviation from linearity at the low temperature side of the plot, 
while the other two curves are linear throughout the temperature range 
measured. An experiment similar to that recorded for Curve b was per- 


2.5F 
2.0+ 
O 
+ 
1.5+ 
1.0+ 
0.5+ 
32 33 34 35 36 


10°x 77 

Fig. 1. Arrhenius plots for the enolase reaction under different experimental 
conditions. Curve a, Tris-HCl buffer, 0.050 x, pH 7.8; [Mg**] = 10°? mM; [PGA] = 
4.1 X 10-3 M, aqueous solution; enzyme concentration = 2to3 y per ml. Curve b, 
Tris-HCI buffer, 0.050 nN, pH 7.8; [Mg**] = 10°? Mm; [PGA] = 4.1 X 10°° M; 27 per cent 
(weight) glycerol solution; enzyme concentration = 2 to 3 y per ml. Curve e¢ (cf. 
(6)), phosphate buffer, u« = 0.05, pH 6.75; [Mg**] = 8 K 10-3 mM, [PGA] = 2.4 or 3.6 X 
10-3 aqueous solution; enzyme concentration = approximately 10 y per ml. Curve 
d, phosphate buffer, «1 = 0.05, pH 6.8; [Mg**] = 10°? m; [PGA] = 3.6 X 107° M; 27 per 
cent (weight) glycerol solution; enzyme concentration = approximately 5 y per ml. 


formed in the presence of 0.500 m HCl, but carried to —7.5°. The two 
rates recorded at this temperature also fell on the straight line. 

The second difference to be noted is that, although there is a distinct 
difference in slope between Curves ¢ and d, no such difference exists be- 
tween the upper two curves. The Arrhenius ‘activation energy” cal- 
culated from the slopes of Curves a and b is 12,720 calories, with a probable 
error for Curve a of 75 calories and a probable error for Curve b of 140 
calories. Arrhenius plots for two intermediate concentrations of glycerol 
in phosphate buffer were also obtained; both these curves manifested the 
drop in rate near 0°, and they had slopes intermediate between those of 
Curves c and d. The seatter is appreciably less in phosphate buffer, pre- 
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sumably owing to the metal-buffering action of the phosphate ion, which 
can damp effects of traces of inhibitory metal ions (13). 

Table I shows a further difference between results in phosphate buffer 
and those in Tris-HCl]. As previously reported by Malmstrém (6), there 
is a difference in the activation energies between the reaction catalyzed 
by Zn*+-activated enolase and that catalyzed by the Mgtt-activated 
enzyme. Those results were obtained in phosphate buffer, pH 6.8. In 
the Tris-HCl-buffered solutions, pH 7.8, this difference remains, but it is 
of a considerably lower magnitude. In the earlier work referred to, it 
was shown that the difference in activation energy was 3 times as large as 
the difference in rates would have led one to predict, indicating an ap- 
preciable difference in entropy factors. In the Tris-buffered system, 
however, the difference in activation energy is approximately that which 


TABLE I 
Comparison of Kinetic Parameters at 20° for Mg**- and Zn*+-Activated Enolase 
Calculated*| Found 
0.34 600 1900 
— 0.32 670 590 


* Calculated with the assumption that there is no difference in entropy terms. 


would account for the difference in activity. These effects will be con- 
sidered further under “ Discussion.”’ 

Inhibition by Substrate and Activating Metal Ion; Effect of Added Salt— 
Plots of activity as a function of either substrate or activating metal ion 
concentration show considerable deviation from the Michaelis-Menten 
type of kinetics in either of the two buffers used in this study. This de- 
viation is especially marked in Tris-HCl] buffer, as shown in Fig. 2, which 
records the change of activity with substrate concentration at two different 
concentrations of Mgt+. The form of the upper curve is typical of plots 
of activity as functions of either metal ion or substrate when the concen- 
tration of the other species is near its optimum; 2.e., in the case of the upper 
curve the metal ion is at the concentration at which maximal activity 
can be obtained. When the concentration of metal ion is raised to a 
markedly inhibitory level, however, the curve of activity versus substrate 
concentration shows a distinctly different form (Fig. 2, lower curve), and 
a Lineweaver-Burk plot (20) of the data does not approximate a straight 
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line over any reasonable portion of the plot. The exact shape of these 
curves is influenced by both the metal ion used and the buffer. In phos- 
phate buffer, for example, the metal-buffer effect of the phosphate ion 
makes the maximum of a curve of activity versus |[Mg**] much less sharp 
in addition to displacing it to higher metal ion concentrations. 


50 7 0.30 - 
Y% 
Methanol 
2 Dioxane 
0.10 - 
, 2 4 6 8 1 2 3 4 5 
[PGA] «10° [PGA] x10° 
Fia. 2 3 


Fig. 2. Enolase activity as a function of [PGA] in Tris-HCl buffer, 0.050 n, pH 
7.8; in aqueous solution at 20°; enzyme concentration = approximately 10 y per ml. 
Upper curve, [Mg*t*] = 107-3 mM; lower curve, |Mg**] = 107? M. 

Fig. 3. Enolase activity as a function of [PGA] at 20°; in Tris-HCl buffer, 0.050 n, 
pH 7.8; [KCI] = 0.500 m; [Mg*t*+] = 5 & 10° mM. Upper curve, aqueous solution; 
middle curve, 20 per cent (volume) methanol; bottom curve, 22.5 per cent (volume) 
dioxane. Enzyme concentration for upper curve, approximately 5 y per ml.; middle 
and lower curves, 30 y per ml. 


In the absence of added salt, the change of ionic strength with changing 
concentration of metal ions or substrate (triply charged) is large, and the 
effect of this on the rate of reaction is unpredictable. To reduce the effect 
of ionic strength changes, the reaction solutions were made 0.500 mM in 
KCl. This change made a great difference in the plots of activity versus 
substrate concentration, as seen from the top curve in Fig. 3; over the 
substrate concentration range 2.5 K 10-* to 5.0 K 10-* M, no change in 
activity could be detected, and below 2.5 & 10-* m the data yield a good 
straight line when plotted according to the method of Lineweaver and 
Burk. 
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On the other hand, a plot of activity versus metal ion concentration at 
high salt concentration, while approaching much more closely the form 
of the “ideal”? curve, still shows a maximum instead of a plateau region. 
An experimental determination of the dissociation constant (A.) for the 
Mg*+ complex of PGA gave a value of 0.10 mole per liter for A, in 0.500 
M KCI solution. This value for AK, means that at a total substrate con- 
centration of 3 10-* and a concentration of 5 107%, the con- 
centration of the complex is only 1 X 10-* mM; thus the amount of substrate 
‘‘removed” from the system in this way cannot cause a significant lowering 
of the activity. 

Solvent Effects—In all of the experiments involving organic solvents, a 
standard set of conditions was used with regard to buffer, Mgt*, and sub- 
strate concentrations, except when there is an explicit indication to the 
contrary, e.g. in a plot of vy as a function of substrate concentration. These 
standard concentrations were for PGA, 3 X 10-* mM; Mgt (as chloride), 
5 X 10-*m; KCI, 0.500 m; Tris-HCl buffer, pH 7.8, 0.05 N in positive ion. 
In purely aqueous solution under these conditions experiments showed 
that the substrate concentration is on the plateau of a Michaelis-Menten 
plot, that the Mgt* activation is at its maximum, and that the concentra- 
tion of the Mgt* complex of PGA is well below a significant level (cf. pre- 
vious section). To be sure that this situation was not affected by the 
presence of organic solvents, it was necessary to determine vp as a function 
of both PGA and Mgt concentrations in the solutions containing these 
solvents. Fig. 3 illustrates the variation of v9 with PGA concentration 
in solutions containing dioxane and methanol, in comparison with the 
curve obtained in purely aqueous solution. Although the Michaelis con- 
stant (Km) is obviously reduced in the presence of the solvents, the pla- 
teau region is extensive enough to insure that, at a concentration of 5 X 
10-* m PGA, there is no danger of substrate inhibition affecting the rate. 
Less complete experiments with ethanol and glycerol showed that the 
same situation prevails in the presence of those solvents. The values of 
K,, are so low in the presence of these solvents that it was not practicable 
to determine this constant as a function of solvent concentration. 

The plots of activity as a function of Mgt* concentration (Fig. 4) con- 
tinue, in the presence of the organic solvents, to show the same broad 
maximum as in aqueous solution, and, at 5 X 107? m Mgt’, the curve Is 
so flat that even a 10 per cent change in metal ion concentration would 
not lead to an important change in the rate of reaction. The curves 
shown in Figs. 3 and 4 are satisfactory evidence that, at the concentrations 
of Mg** and PGA used in our experiments, the addition of the organic 
solvents does not significantly increase the formation of the metal-sub- 
strate complex. Similarly, the curves of Fig. 4 are satisfactory evidence 
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that the extent of metal ion inhibition is not appreciably affected by the 
presence of these solvents. In addition, control experiments showed that 
the concentrations of substrate and Mgt+ were such that no appreciable 
change in activity was caused by the temperature dependence of the dis- 
sociation constants of the respective complexes. 


« GLYCEROL 
o ETHANOL 
0.15 | 80F {605 
60} 440 
0.10+ 
40 
0,05 x DIOXANE a 
o METHANOL 
GLYCEROL 
o ETHANOL 
2 4 6 8 10 90 80 70 60 £450 
[Mg* *]x10° Grams H,O per 100 m/ solution 
Fia. 4 Fia. 5 


Fic. 4. Enolase activity as a function of [Mg**] at 20°, in water and in the presence 
of organic solvents, in Tris-HCl buffer, 0.050 nN, pH 7.8; [KCl] = 0.500 m; [PGA] = 
3X 10-3 m. Solutions contained dioxane, 20 per cent (volume); methanol, 20 per 
cent (volume); glycerol, 18 per cent (weight); ethanol, 20 percent (volume). Enzyme 
concentration, dioxane and methanol solution, approximately 8 y per ml.; glye- 
erol and ethanol solution, approximately 4 y per ml. 

Fic. 5. Relative activity of enolase as a function of water concentration at 20° in 
the presence of four organic solvents. Ordinate for glycerol mixtures on the right- 
hand side of the figure. Tris-HCl buffer, 0.050 n, pH 7.8; [Mgtt] = 5 X 10°3 Mm; 
[KCl] = 0.500 m; [PGA] = 3 X 10-3 M; enzyme concentrations = approximately 10 
y per ml. 


Fig. 5 shows the effect of organic solvents on vo, which, according to the 
experiments just described, represents maximal velocities. Although a 
single curve is fitted to the combined data for ethanol, methanol, and 
dioxane, a closer inspection of Fig. 5 reveals that separate curves might 
well be fitted to the data for each of the three solvents, with a somewhat 
better fit resulting. However, the importance of these data lies not in 
the small differences, but rather in the striking similarities of the effects 
of the various solvents. The significance of this will be considered under 
“Discussion.”’ 

Fig. 6 shows Arrhenius plots for reactions run in water and in the pres- 
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ence of three solvents. No data are shown for ethanol solutions because 
denaturation occurred rapidly in the presence of this solvent at the high- 
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Fic. 6. Arrhenius plots for the enolase reaction in H,O and in the presence of or- 
ganic solvents. Tris-HCl buffer, 0.050 nN, pH 7.8; [KCl] = 0.500 m; [Mg**] = 5 X 10% 
mM; [PGA] = 3 X 1073 M; enzyme concentration = approximately 5 y per ml. Di- 
oxane, 20 per cent (volume); methanol, 20.5 per cent (volume) ; glycerol, 33.1 per cent 
(weight). The values of log vo for dioxane solutions have been increased by 0.01 to 
separate them from the methanol data. 

Fic. 7. Sedimentation patterns of enolase and of dioxane solution without pro- 
tein. Protein concentration in (a), (6), and (d) approximately 1.5 per cent, but 
varying slightly from runtorun. All the solutions contain 0.05 n Tris-HCl buffer, 
pH 7.8, and 0.500 m KCl. The average temperature during the runs was 20°. Speed, 
59,780 r.p.m. In (a), enolase in aqueous solution; (b), enolase in 10 per cent (volume) 
methanol; (c), 10 per cent (volume) dioxane solution, no protein; (d), enolase in 10 
per cent (volume) dioxane. The time (in minutes after speed equilibration) and 
base angles are as follows: (a) and (d), 19 minutes, 60°; 35 minutes, 60°; 51 minutes, 
60°; 67 minutes, 50°; (b), 16 minutes, 63°; 48 minutes, 60°; 64 minutes, 60°; 80 minutes, 
60°; (c), 1, 33, 49, and 65 minutes, all 60°. 


est temperatures measured (38°). That no denaturation occurred in the 
other solvents was shown by the fact that the plots of optical density 
versus time remained linear to as high an optical density as at the lower 
temperatures. 

In view of the effect of organic solvent on rate, we had to consider the 


by 

se 

1.0 


E. W. WESTHEAD AND B. G. MALMSTROM 665 


possibility that the concentration of active protein was being decreased 
either by permanent denaturation or by reversible association into inactive 
aggregates such as must occur prior to precipitation by higher concentra- 
tions of these same organic solvents. The former of these possibilities 
was readily ruled out, since enzyme solutions containing high concentra- 
tions of the organic solvents showed full activity, when assayed in the 
absence of solvent, even after several hours storage. 

The second possibility was eliminated by investigating the effect of 
solvent additions on the sedimentation behavior of enolase. Exposures 
from four runs under different conditions are shown in Fig. 7. Since there 
is a possibility that a concentration gradient is set up owing to differences 
in density between water and the added solvent, a run without protein was 
included (Fig. 7, c). The relative sedimentation constants in water, meth- 
anol, and dioxane, corrected to the same density and viscosity (21), were 
found to be 1.00:1.03:0.98. The significance of these results will be dis- 
cussed later. 


DISCUSSION 


Buffer E-ffects—To explain the effect of temperature on the enolase re- 
action in phosphate buffer, it has been postulated (6) that the active site 
on the enzyme can exist in two forms, one being found in the Mgt++-enzyme 
at temperatures above approximately 5°, the other in the Zn*++- or Mn*++- 
enzyme and in the Mgtt-enzyme at low temperatures. However, the 
data in Fig. 1 and Table I show that the low temperature “inhibition” 
and the differences in entropies of activation upon which the hypothesis 
was based disappear when the rate measurements are carried out in Tris- 
HCl buffer. This suggests strongly that the different forms of the enzyme 
are due to binding of HPO, at the active site, the effects of the activating 
ions being explained by the higher affinity of Zn++, as compared with 
Mgt+, for this ion. Since the addition of glycerol has no effect on the 
activation energy in Tris-HCl, it appears probable that the difference 
between Curves ¢ and d is due to an effect of the solvent on the inhibition 
by HPO,-. Unfortunately, for reasons of buffering capacity and solu- 
bility of metal phosphates, the measurements in the two buffers could not 
be carried out at the same H;0+ concentration; thus complicating pH 
effects cannot be excluded. However, the addition of HPO, to the Tris 
buffer caused a distinct change in the slope of the Arrhenius plot of the 
Mgt+-enzyme, measured at the same concentration of free Mgt+, showing 
that this ion must be involved in the observed effects. 

The interpretation of the temperature effects given here is analogous to 
the findings of Kistiakowsky and Lumry (4), who showed that the low 
temperature ‘inhibition’? of urease is due to interactions between the 
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enzyme and components of the reaction system. Thus, the alternative 
interpretation of Kavanau (22), invoked also by Maier et al. (5) and by 
Hultin (23), viz. the formation of intramolecular hydrogen bridges, can 
be excluded in these two cases. With enolase, as has already been pointed 
out (6), the entropy factors are, in addition, too small to be due to a major 
conformation change. It may well be that ion effects are involved in all 
reported cases of low temperature “‘inhibitions” of enzymes, and a detailed 
study of such systems is now in progress. 

Inhibition by Substrate and Activating Metal Ion—FEarlier studies (11, 
12) have shown that the kinetic formulation of Warburg and Christian 
(24) is partly incorrect, since the rate as a function of substrate concentra- 
tion was shown to go through a maximum. Furthermore, high concentra- 
tions of metal ions were found to inhibit the enzyme; hence the simple 
mass action law of Warburg and Christian is not applicable. Various 
possible explanations of these effects have beer advanced (11, 15), but 
most of these can be eliminated by the present data which, as will be seen, 
are best accounted for by assuming that the inhibition by substrate is due 
to removal of activating ion by complex formation, while the metal ion 
inhibition is caused by direct interaction with the enzyme. The following 
reaction sequence is postulated: 


Ka 
E+M EM (1) 
(2) 
E+M EM’ (inactive) 
ky 
EM+S —=— EMS (3) 
ke 
Ka (4) 


S+M SM 


EMS EM +P (5) 
where /, AJ, S, and P represent enzyme, metal ion, substrate, and product, 
respectively, while the K symbols indicate dissociation constants and the 
k ones rate constants. On the basis of this mechanism, the following rate 
law can be derived (cf. (15)): 


Ka 
k; EMS 
6) 


d 
Ki 
(Kn + 8S) (x. + (x + 


where / and M stand for the total concentrations of enzyme and metal 
ion, respectively, while S represents the concentration of free substrate, 


Vo = 
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and K,, is assumed to equal k2/ki, as indicated by previous studies (12). 
Equation 6 can be shown to describe the type of rate curves shown in 
Fig. 2. However, when S and M are small compared to K., no appreci- 
able decrease in activity due to removal of M should be possible. In 
such a case, at a constant value of 17, which is high compared to K, but 
low compared to K;, Equation 6 reduces to 


ES 

Kn +8 

i.e., Michaelis-Menten kinetics should be followed. Fig. 3 shows that 

this is the case in 0.50 m KCl, where Kz = 0.10 mole per liter (see under 

“Results’’); hence the condition for the applicability of Equation 7 is ful- 
filled. 

In contrast to this, the metal ion inhibition does not disappear in 0.50 
m KCl, as seen in Fig. 4, indicating that this cannot be wholly explained 
as a removal of S owing to the reaction in Equation 4. This is also dem- 
onstrated by the fact that this inhibition is found even in the case of Zn*++ 
(11) which has an activating concentration negligible compared to that of 
S. The most probable explanation of the metal ion inhibition will be 
given in conjunction with the solvent effects. 

The applicability of Equation 7 under certain experimental conditions 
has made it possible to measure separately the effect on k3 and K, of such 
extrinsic factors as temperature and solvent concentration, as described 
under ‘‘Results.”” The measured k; is, of course, only the rate constant 
for the slowest step. Since several elementary reactions, in addition to 
the ones shown in Equations 3 and 5, must be involved in the formation 
and breakdown of L/S, it cannot be assumed that k3 always refers to the 
same step, as variations in conditions may cause a shift in relative rates, 
making another step the slowest one. Such changes have been implicated 
in the case of papain kinetics (25), but, as will be shown, they are appar- 
ently not involved in the present case. 

Solvent Effects—As seen from Fig. 5, all organic solvents used in this 
study have a marked inhibitory effect on the enolase reaction. Under 
the conditions of the measurements, this can be due to a decrease in k; 
or in the concentration of active enzyme. An explanation in terms of a 
lowering of ks can immediately be ruled out, since the solvent additions 
have no significant effect on the activation energies, as shown in Fig. 6. 

The most obvious way in which a decrease in F could occur would be 
through an association of protein molecules such as must occur prior to 
precipitation by the organic solvents. In such a case (see Fig. 5), at a 
concentration of 10 per cent dioxane or methanol, it would be expected 
that only 70 per cent of the enzyme would be unassociated and hence 
active. However, no evidence of association could be found in the ultra- 
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centrifugal experiments, since no decrease in the area under the peak was 
observed and there was no sedimentation of larger particles during the 
entire experiment, including the acceleration phase. 

A very striking feature of Fig. 5 is the fact that three of the four solvents 
used have nearly identical effects on the rate despite great differences in 
dielectric constant, the physical property most commonly invoked to 
explain solvent effects. This suggests that the rate decrease is due to 
the displacement of water rather than to a specific effect of the solvents. 
Such an effect could readily be understood by a comparison with the mech- 
anism for the analogous fumarase reaction, for which Alberty (1) has 
demonstrated the involvement of a proton donor and a proton acceptor 
on the enzyme surface. The decreased water concentration, at a constant 
pH, would affect the degree of dissociation of the proton-transferring 
groups, and this would result in a lowered rate. If this interpretation is 
correct, the group being affected would most likely be an amino or imida- 
zole and not a carboxy! group,!' since the dissociation of the latter, but not 
of the former, would be strongly dependent on the dielectric constant. 
In connection with this mechanism, it also seems likely that the inhibition 
caused by an excess of activating metal ion is due to an interaction of the 
metal with one of the groups of the enzyme necessary for catalysis. 

It should be noted in Fig. 5 that the activity approaches zero at still 
very high concentrations of water. This may be due to the water con- 
centration in the neighborhood of protein complex being much lower than 
that in the bulk of the solution (cf. (26)). Differences in solvent distribu- 
tion may also explain the fact that glycerol is a somewhat less effective 
inhibitor than the other three solvents (Fig. 5). 

As was previously mentioned, the experiments described herein are 
intended partially as a background to low temperature studies. Since 
the interpretations offered here indicate that solvent additions do not 
change the mechanism of the reaction, there appears to be no formal ob- 
jection to the use of the suggested low temperature technique for the study 
of transient state kinetics. 

The work presented in this paper shows that, while useful information 
may be obtained from the use of solvent mixtures in studying enzyme 
kinetics, the situation may be very complex. Results obtained from lim- 
ited experiments may easily be subject to gross errors in interpretation. 
At the present time, only a few investigators have actually applied such 


1In principle, it should be possible to test this hypothesis by determining the 
maximal initial velocity (wmax) as a funetion of pH (1), but in practice it has been 
impossible to arrive at the true vmax at all pH values, since both the metal ion activa- 
tion and inhibition change with pH in a way in which it is difficult to make correc- 
tions (unpublished data of Malmstrém and Westlund). 
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methods to the study of enzymic catalysis, but in each case the results 
have been discussed in terms of dielectric constant effects. However, 
data in the literature (27, 28) make it apparent that factors other than 
dielectric constant changes must play a major role. 

The danger in the interpretation of results obtained from the use of a 
single organic solvent became apparent to us when it was found that our 
dioxane data, when plotted as log rate versus (dielectric constant), fit a 
good straight line over most of the range of measurement. When the 
results on all four solvents were plotted in a similar way, it became quite 
apparent that no such correlation exists between rate and dielectric con- 
stant. The several papers by Laidler et al. (29-31), in which is discussed 
the application of concepts of dielectric constant effects derived from re- 
actions of smaller molecules to enzyme kinetics, thus seem to be of limited 
practical significance, at least in the general case. 

It is not very surprising that activity changes do not show a good cor- 
relation with dielectric constant changes in enzymic catalysis. The theory 
of dielectric constant effects is based on the concept of a continuous me- 
dium of changing dielectric constant; this is, of course, not strictly appli- 
cable in the best of instances, but in enzyme catalysis, occurring at the 
surface of a very large body of unchanging dielectric constant, it is cer- 
tainly far from reality. Itis easy to see, then, that any other effect of the 
organic solvent may easily overshadow the very reduced effect due to the 
changing dielectric constant, although these other effects may well give 
valuable information themselves when properly understood. 


SUMMARY 


1. The effect of substrate and activator concentration, as well as of 
temperature, on the rate of the enolase reaction has been measured under 
a variety of experimental conditions. These include the use of different 
buffers and the addition of inorganic salt and of organic solvents (dioxane, 
methanol, ethanol, and glycerol). Conditions have been devised allowing 
separate estimation of the effect of these extrinsic factors on the rate con- 
stant for the slow step (k3) and on the Michaelis constant (K,). ; 

2. The differences in low temperature fall off in the Arrhenius plot and 
in steric factors between the Mgt+- and Znt+-activated enzyme, observed 
in phosphate buffers (6), disappear when the rate measurements are car- 
ried out in tris(hydroxymethyl)aminomethane-HCl. Because of this, it is 
suggested that the different forms of the enzyme, postulated previously 
(6), involve binding of HPO¢ at the active site rather than an intramolecu- 
lar rearrangement. 

3. The inhibition by high substrate concentrations has been shown to 
be due to removal of activating metal ion through complex formation. 
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At high salt concentrations (0.50 m KCl), at which the metal-substrate 
interaction is weak, this effect disappears, and Michaelis-Menten kinetics 
are followed. The inhibition by high activator concentrations, on the other 
hand, cannot be entirely accounted for in terms of removal of substrate, 
and it is postulated that the metal ion interacts with a proton acceptor or 
donor necessary for the reaction on the enzyme surface. 

4. All solvents added decrease both K,, and the maximal velocity of the 
reaction. Ultracentrifugal measurements have shown that the diminished 
rate is not due to protein association. The activation energy is not changed 
by the addition of solvent. The four solvents studied have very similar 
effects which bear no relation to the bulk dielectric constant. It is sug- 
gested that a displacement of water is mainly involved. This is inter- 
preted as affecting the dissociation of an amino or imidazole group of the 
enzyme. 


The authors would like to thank Professor A. Tiselius for helpful dis- 
cussions and, in the case of the first author, for his hospitality. We are 
also indebted to Dr. Kai O. Pedersen for helpful consultations on the per- 
formance and interpretation of the ultracentrifugal experiments. This 
work has been supported by grants from the Rockefeller Foundation and 
the Knut and Alice Wallenberg Foundation. 
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Orosomucoid, a glycoprotein occurring in normal human plasma, has 
been isolated in an essentially pure state by Weimer, Mehl, and Winzler (2), 
and by Schmid (3), who obtained it as a crystalline lead salt. In electro- 
phoresis it migrates as an q;-globulin. It is isoelectric at pH 1.8 in trichlo- 
roacetate buffer (2) and at pH 2.7 in phosphate buffer (3), and is thus the 
most acidic of the plasma proteins. Orosomucoid contains approximately 
16 to 17 per cent of hexose (galactose and mannose (4)), and 11 to 12 per 
cent of glucosamine. In addition, it contains 11 to 12 per cent of sialic acid 
(5) so that the portion which yields amino acids on hydrolysis amounts to 
only about 60 per cent. The substance is therefore an acid mucoid under 
the classification proposed by Meyer (6). The molecular weight of the 
protein, determined from sedimentation and diffusion measurements, has 
been reported to be 44,100 (7). 

Orosomucoid has been found by Popenoe to be excreted in rather large 
amounts in the urine of patients with the nephrotic syndrome (8). 

Because of its relatively small molecular size and its interesting chem- 
ical composition, and because it can be obtained in a good state of purity, 
this glycoprotein is an attractive subject for chemical study. Preliminary 
attempts to degrade the protein by using a variety of crystalline proteolytic 
enzymes met with no success. In order to see whether bacterial enzymes 
might be more effective, orosomucoid was incubated with a culture filtrate 
of the proteolytic organism Clostridium perfringens. Although no pro- 
teolysis coufd be detected, the sialic acid was cleaved enzymatically from 
the glycoprotein and rendered freely dialyzable. This result might have 
been anticipated from the work of McCrea (9), who has shown that C. 
perfringens filtrates contain An enzyme similar to the “receptor destroying 
enzyme”’ present in filtrates of Vibrio cholerae. 

Several mucoid substances possess the property of inhibiting the hemag- 
glutination brought about by influenza virus. This inhibitory property 


* This research was supported by the Atomic Energy Commission. A preliminary 
report has appeared (1). 
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apparently is due to the presence in the mucoids of residues of sialic acid! 
which combine with the virus and tend to prevent its combination with 
similar groups on the red cell surface. At the same time the virus has the 
ability to liberate sialic acid from the mucoid enzymatically. An enzyme 
present in filtrates of V. cholerae, called receptor destroying enzyme or 
“RDE,” has a similar action against inhibitory mucoids and can also de- 
stroy the ability of red cells to agglutinate in the presence of influenza 
virus (12). 

The present communication reports a method of preparing enzymati- 
cally active filtrates of C. perfringens and some results of a study of the 
action of the enzyme on orosomucoid. 


Materials and Methods 


Culture Medium—1000 ml. of Difco Todd-Hewitt broth (13) were pre- 
pared and the pH was adjusted to 7.0 to 7.1. The broth was dispensed in 
150 ml. amounts into 200 ml. heavy walled, Pyrex centrifuge bottles, and 
the bottles were capped with cotton gauze pads. Sterilization was carried 
out in the autoclave at 15 pounds of pressure for 15 minutes. The broth 
was cooled to 37°, and 7.5 ml. of supplement were then added to each 150 
ml. portion. 

The supplement was prepared just before use by dissolving 8 gm. of 
dextrose, 4 gm. of NaHCO, 4 gm. of NaCl, 1.6 gm. of K2HPO,, and 0.15 
gm. of cysteine hydrochloride in 100 ml. of distilled water. The pH was 
adjusted to 7.0 to 7.1 and the solution sterilized by filtration through a 
Millipore? filter. 

Culture—A stock strain of C. perfringens, A.T.C.C. 10543 (type not 
known), was maintained in Difco cooked meat medium. For use, approxi- 
mately 0.05 ml. of stock culture was transferred to a fresh tube of the meat 
medium and incubated at 37° for 16 to 18 hours. Five to six seed cultures 
were prepared in meat medium from the latter culture and incubated for 
7 to 8 hours. The culture broths were then pooled. 

Filtrate Preparation—Each 150 ml. portion of Todd-Hewitt medium was 
inoculated with 1.5 ml. of the pooled seed culture and the cultures were 
placed in a vacuum desiccator. An oxygen-free environment was estab- 
lished by alternately evacuating the desiccator and then flushing it with 
nitrogen. After three such cycles, the desiccator was placed in a 37° incu- 


1 The bulk of the evidence currently available indicates that the structure for sialic 
acid first: proposed by Gottschalk (10) and supported by the admirable chemical 
studies of Blix and his colleagues (11) is the correct one. Sialic acid of human origin 
apparently has one N-acetyl group, hence the structure is CH2OH-(CHOH);:- 
CH(NHCOCH;)-CHOH-CH2-CO-COOH. 

2 Millipore Filter Corporation, Watertown 72, Massachusetts. 
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bator for 18 hours. A luxuriant growth of cells was obtained under these 
conditions. 

The culture bottles were removed from the desiccator and centrifuged 
in the cold at 1500 X g for 1 hour, and the clear supernatant fluid was 
carefully decanted and filtered through a Millipore filter. 

The culture filtrate could be used directly as a source of enzymatic activ- 
ity. In most of the experiments described here, the enzyme was further 
purified as follows: To the culture filtrate, ammonium sulfate was added 
equivalent to 600 gm. of ammonium sulfate per liter of filtrate. Precipita- 
tion was allowed to continue for 24 hours at 0°, and the precipitate was 
then filtered off and the filtrate discarded. The precipitate was dissolved 
ina minimal amount of 0.15 m NaCl and dialyzed against several changes 
of distilled water until it was free from salt. The dialysis caused precipita- 
tion of some material, which was removed by centrifugation. The super- 
natant solution was used as a source of enzyme activity, which was stable 
for at least several months if the solution was kept frozen. 

Orosomucoid Preparation——Orosomucoid was prepared from nephrotic 
urine by a method similar to that described by Weimer, Mehl, and Winzler 
(2) for its preparation from plasma. The preparation used in most of these 
studies appeared to be homogeneous in the ultracentrifuge and in electro- 
phoresis at pH 8.6 (sodium Veronal buffer); however, by electrophoresis in 
sodium acetate buffer at pH 4.6, '/2 = 0.1, impurities of about 10 per 
cent of the total protein could be detected. 

Determination of Sialic Acid—RBial’s reaction, as modified by Werner 
and Odin (5), was used without further significant modifications. A prep- 
aration of orosomucoid was used as a working standard after it was care- 
fully compared with regard to sialic acid content with an orosomucoid 
preparation of known sialic acid content, generously provided by Dr. 
Richard Winzler. The latter preparation was 11.8 per cent sialic acid, 
and our preparation was by comparison 11.4 per cent. 

Assay of Enzyme Activity—To a solution of 2 mg. of orosomucoid in 0.1 
ml. of water and 0.1 ml. of acetate buffer, pH 4.8 to 5.0, T/2 = 0.1, was 
added 0.1 ml. of the solution under test. After 30 minutes at 37°, protein 
was precipitated by the addition of 1 ml. of 2.5 per cent phosphotungstic 
acid in N HCl. To 1 ml. of the supernatant fluid, 3 ml. of water were 
added. This solution was analyzed for liberated sialic acid by Bial’s reac- 
tion. A colorimetric standard which contained 1 mg. of orosomucoid 
(0.114 mg. of sialic acid) was prepared with each set of analyses. The 
relation between the color intensity and the amount of substance was 
linear through the range of concentrations used. The number of enzyme 
units in the test mixture was determined by reference to the standard 
curve (Fig. 1). 1 unit is defined as the amount of enzyme which will lib- 


‘id! 
ith 
he 
me 
or 
za 
ti- 
he 
e- 
in 
d 
ad 
h 
of 
5 
S | 
a 
t 
t 


676 ENZYME ACTION ON OROSOMUCOID 


erate from the protein one-third of the sialic acid present when the test is 
conducted as described. The reaction follows a pseudo first order course 
until it is more than half completed. 

Electrophoresis—Measurements were made at 1° in acetate buffers of 
ionic strength 0.1 under a field strength of 5 volts per cm. in a Tiselius 
apparatus constructed by the Frank Pearson Associates. Boundaries 
were observed by the schlieren scanning method, and mobilities were cal- 
culated from the descending boundaries. 


90F 
2 80 4 
70 
m 
= 
eu SOF 
Io 
40F 
36 
oa 
1OF 

| | | 

| 2 3 4 5 


UNITS OF ENZYME ADDED 
Fic. 1. Dependence of the velocity of the enzymatic reaction upon the amount 
of enzyme added. The conditions used were those of the standard enzyme assay de- 
scribed in the text. 


Results 


pH Optimum of Reaction—The enzymatic reaction proceeded with max- 
imal velocity at pH 5.0 to 5.5, as shown in Fig. 2. 

Effect of Metal Ions—The velocity of the reaction at pH 5 was approxi- 
mately 25 per cent less when 0.2 M citrate buffer was used than when 0.1 M 
acetate buffer was used. This fact suggests a requirement for a metal 
ion. However, dialysis of an enzyme solution against a 2 per cent solution 
of the disodium salt of ethylenediaminetetraacetic acid (Versene) had no 
demonstrable effect on its activity. Neither could the activity be in- 
creased by the addition of MgSO,, MnSQ,, or CaCl, to a final concentra- 
tion of 0.01 m. The addition of FeCl; to this concentration resulted in an 
almost complete loss of activity. The failure of metal ions to enhance the 
activity of the enzyme is in accord with the observations of McCrea (9). 
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Extent of Reaction—When the most active enzyme preparations were 
used in relatively high concentrations (for example 45 units in the standard 
assay for enzyme activity), all of the sialic acid appeared to be liberated 
rapidly from the protein. When the enzyme was present in lower concen- 
trations, so that a longer reaction time was necessary, the reaction was 
often found to have stopped short of complete liberation of the sialic acid. 
In this case the addition of more enzyme brought the reaction to comple- 
tion. 


0.14F 
uJ 
© 0.08 x 
0. 
© 0.064 
ail 
0.04+ 
Y0.02+ 
= L L 

5 4 5 6 7 8 


pH 
Fic. 2. Dependence of reaction velocity upon pH. Amount of sialic acid re- 
leased from 2 mg. of orosomucoid in 30 minutes under the conditions of the assay 
described in the text. The buffers used were as follows: lactate (X), acetate (O), 
phosphate (@), and tris(hydroxymethyl)aminomethane (0), all of ionic strength 
0.1. The enzyme concentration was the same in all determinations. 


For the experiments described below, a typical sample of “protein freed 
from sialic acid’”’ was prepared in the following manner: To 60 mg. of oroso- 
mucoid dissolved in 6 ml. of acetate buffer, pH 4.8, '/2 = 0.05, were added 
3 ml. of a solution containing 170 units of the enzyme. This reaction mix- 
ture was incubated in a dialysis bag immersed in 700 ml. of distilled water 
at 37°. Continual stirring was provided by a magnetic stirrer and stirring 
bar. An analysis after 18 hours showed that about 2 per cent of the ma- 
terial giving the Bial test remained inside the dialysis bag. The non- 
dialyzable material was treated in a manner which would render it suitable 
for the particular experiment for which it was intended. 

In none of the experiments did the weight of material added in the en- 
zyme solution exceed 0.1 per cent of the weight of the orosomucoid used. 

Destruction of Sialic Acid—-With certain enzyme preparations a disap- 
pearance of sialic acid, as indicated by the Bial reaction, was observed dur- 
ing the enzyme assay. An investigation of this phenomenon led to the 
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discovery of another enzyme, present in C. perfringens filtrates, which 
destroys sialic acid. This enzyme showed a maximal activity between 
pH 6 and 8. It was partially inactivated by being heated in solution at 
56° for 10 minutes. It seems probable that this enzyme is similar to one 
recently observed by Heimer and Meyer (14) in filtrates of V. cholerae, 
which was shown by them to convert sialic acid into N-acetylglucosamine 
and pyruvic acid. 

The concentration of this enzyme was so low in all cases that its effect 
could be made insignificant by dilution of the enzyme solution. At the 
dilutions at which all of the experiments reported here were conducted, 
the destruction of sialic acid could not be observed. To reduce further 
the possibility that this activity would lead to spurious results, all experi- 
ments were conducted at pH 4.8 to 5.0 on the acid side of the pH optimum 
for the desired enzymatic activity. 


(a) (b) (c) (d) 

Fic. 3. Electrophoresis and ultracentrifugation of orosomucoid freed from sialic 
acid. (a) Klectrophoresis at pH 3.90 after 192 minutes; (6) at pH 4.85 after 268 min- 
utes; (c) at pH 5.48 after 311 minutes; (d) ultracentrifuge pattern after 128 minutes 
at 52,640 r.p.m. (Spinco analytical ultracentrifuge). 


Ultracentrifugation of Protein Freed from Sialic Actd—The sedimenta- 
tion constant of orosomucoid after enzymatic removal of the sialic acid 
residues was determined in sodium acetate buffer, '/2 = 0.1, pH 4.66, in 
a Spinco analytical ultracentrifuge. A value for se, of 2.98 S was found, 
extrapolated to infinite dilution. This value is only slightly less than the 
3.11 S reported for native orosomucoid (7) and leads one to believe that 
there is no gross fragmentation of the protein molecule concomitant with 
the enzymatic reaction. (For the reduction of the observed sedimentation 
rate to standard conditions, the partial specific volume of the modified 
protein was assumed to be 0.675, that of native orosomucoid (7).*) 

Electrophoresis of Protein Freed from Sialic Acid—Three electrophoretic 
patterns of orosomucoid after enzymatic removal of its sialic acid are 
shown in Fig. 3. It is evident that the product is not absolutely homo- 


* At. the suggestion of Dr. Walter L. Hughes, a partial specifie volume for the sialic 
acid-free protein was caleulated from the values 0.675 for native orosomucoid and 
0.590 (calculated) for the 11 per cent of sialic acid residues. Use of the calculated 
value of 0.693 rather than the value 0.675 does not give a significantly different value 
for $20,w- 
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geneous, although by far the largest part of the material is concentrated in 
a single peak at each pH value. A quantitative evaluation of the extent 
of inhomogeneity is complicated by the presence of the « anomaly which 
has not separated adequately from the main peak. 

The isoelectric point of orosomucoid freed from sialic acid is approxi- 
mately pH 5.0 in sodium acetate buffer, [/2 = 0.1 (Fig. 4). Under these 
conditions, orosomucoid itself has a negative mobility (u = —4 X 10-° 
(3)). The isoelectric point has been reported by Schmid (3) to be pH 2.7 
in phosphate buffer and by Weimer and coworkers (2) to be pH 1.8 in 
trichloroacetate-NaCl buffer. Previous measurements of our own on a 
closely similar orosomucoid preparation have shown that the isoelectric 
point is lower than pH 3.5 (8). 


MOBILITY 
ux 
+ + 
- O - WN 
T 

| 


| 

a 


3 4 5 6 
pH 
Fig. 4. Orosomucoid freed from sialic acid; electrophoretic mobility as a function 
of pH. 


A reduction in electrophoretic mobility and a shift of the isoelectric point 
to a higher pH value are the effects which would be expected to be pro- 
duced by removal of strongly acidic groups from the protein. Pye (15) 
and Curtain and Pye (16) have shown that the action of the receptor de- 
stroying enzyme of V. cholerae on preparations of several mucoproteins, 
which are inhibitors of influenza virus hemagglutination, results in reduced 
electrophoretic mobility of the mucoprotein. For example, the mobility of 
a mucoprotein from bovine submaxillary glands was reduced from —5.4 X 
10-5 to —2.9 * 10-5 (phosphate buffer, pH 6.9, ['/2 = 0.2). Similarly 
Perlman, Tamm, and Horsfall (17) observed a 20 per cent reduction in 
the electrophoretic mobility at pH 6.8 of the inhibitory mucoprotein from 
normal human urine after treatment with active influenza virus. 

If our analysis of the sialic acid content of the orosomucoid preparation 
used in these studies is accepted as correct, it can be calculated that there 
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are 17 residues of sialic acid per protein molecule (molecular weight = 
45,000). An independent measure of the number of sialic acid residues in 
orosomucoid can be obtained from the difference in the titration curves of 
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Fic. 5. Titration curves of orosomucoid and orosomucoid freed from sialic’ acid. 
15 to 20 mg. of the protein in 2 ml. of 0.1 mM KCl were titrated with 0.1 n HCl or KOH 
by use of a Rehberg type microburette. pH measurements were made with a Cam- 
bridge research model pH meter equipped with external electrodes. The protein 
samples were thoroughly electrodialyzed before the solutions for the titrations were 
prepared. The curves have been corrected for the amount of free HCl] or KOH in 
the solutions, determined by blank titrations. The molecular weight of orosomu- 
coid was assumed to be 45,000. 


the native protein and the protein from which the sialic acid had been 
removed enzymatically (Fig. 5). 

In plotting the titration data, the molecular weight of orosomucoid was 
assumed to be 45,000. The amount of protein in the solutions titrated 
was determined from the ultraviolet extinction (for orosomucoid £} én. 
at 275 mu = 8.96 (8)). Because the enzymatic reaction releases no ab- 
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sorbing material from the protein, it is possible in this way to reduce all 
measurements to equivalent molar amounts of the two proteins without a 
knowledge of the magnitude of the change in molecular weight which re- 
sults from the enzymatic reaction. A mole of the sialic acid-free protein 
was thus considered to be that amount which showed the same extinction 
as 45,000 gm. of orosomucoid. 

The titration curves of Fig. 5 are considered unreliable at both extremes. 
Below pH 2.5 and above pH 10.5 the magnitude of the blank was so large 
that the amount of acid or base consumed by the protein was a small dif- 
ference between two large values. To secure greater reliability at the 
extremes, it would have been necessary to titrate larger amounts of pro- 
tein. Furthermore, after titrations had been carried to pH 2 or 12, back- 
titrations failed to retrace the original curves satisfactorily. This observa- 
tion probably shows that irreversible changes in the protein had taken 
place at the extremes of pH. 

To determine the magnitude of the effect of the enzymatic reaction, 
however, only the portions of the curves lying between the isoionic point: 
and the positions of maximal inflection in the vicinity of pH 6.5 need be 
considered. Since at the isoionic point the number of protons associated 
with basic groups is by definition exactly balanced by the number of pro- 
tons dissociated from carboxyl groups, and since the point of maximal 
inflection is the end point in the titration of the carboxyl groups of the 
protein, the number of equivalents of base required to titrate a mole of 
protein from the former point to the latter is equal to the excess of carboxy] 
groups over basic groups. 

A comparison of the two curves of Fig. 5 shows that this excess is greater 
in native orosomucoid than in the sialic acid-free mucoid by 15 to 16 equiv- 
alents. This difference could be due either to a decrease in the number of 
titratable carboxyl groups during the enzymatic reaction or to an increase 
in the number of titratable basic groups. The amino nitrogen (Van Slyke) 
content of the native and modified mucoid was found to be the same: sev- 
enteen and two-tenths amino groups per mole of the native mucoid, sev- 
enteen and four-tenths amino groups per mole of the modified mucoid. If 
the difference is then due to a decrease in the number of carboxy] groups, 
these are almost certainly the carboxyl groups of sialic acid, which are thus 
free in native orosomucoid. 

Curtain (18) has reported the results of acid-base titrations similar to 
those reported here. The system he was studying was the action of in- 
fluenza virus and the receptor destroying enzyme of V. cholerae on the 
sialic acid-containing mucoprotein originally isolated from normal human 
urine by Tamm and Horsfall (19). He found that the titration curves of 
the native and treated proteins coincided between pH 6 and 9.5, but was 
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unable to carry out the comparison at pH values lower than pH 6, owing to 
the insolubility of the treated protein. This insolubility was largely over- 
come by pretreatment of the mucoprotein with urea, which did not destroy 
its ability to react with influenza virus or with RDE. After pretreatment 
with urea the titration curves of the mucoprotein before and after the ac- 
tion of virus or RDE coincided throughout the entire range of pH 1 to 9.5, 
In all cases, however, at pH values more alkaline than pH 9.5, the protein 
treated with virus or RDE showed greater hydrogen ion dissociation than 
did the non-treated protein. Since this is the range of dissociation of the 
e-amino group of lysine, Curtain concluded that the reduction in electro- 
phoretic mobility of the protein upon treatment with influenza virus was a 
result of the uncovering of lysine e-amino groups. 

The titration curves shown in Fig. 5 lead to quite a different conclusion 
about the state of sialic acid in orosomucoid and the action of the C. per- 
fringens enzyme on the protein. In fact, the two curves tend to diverge 
near pH 11, indicating a greater dissociation of hydrogen ions in orosomu- 
coid, but this divergence is not considered significant. 

In independent studies, both Gottschalk (20) and Heimer and Meyer 
(14) have presented evidence that sialic acid was linked in certain mucoids 
through its reducing keto group. The titration curves presented here are 
quite compatible with the existence of such a linkage in orosomucoid. 

An attempt was also made to determine the total number of acidic groups 
in orosomucoid and in the enzymatically modified protein by dye titrations 
with the dye safranine O at pH 11.5, the micromethod of Fraenkel-Conrat 
and Cooper (21) being used. The results of this determination were, for 
the native protein, 86 plus or minus two acid groups per mole (mean of 
eleven determinations plus or minus standard error); for the modified pro- 
tein the result was 61 plus or minus two acid groups (mean of eight deter- 
minations), a difference between the two of twenty-five acid groups. There 
is a serious discrepancy between this value and the fifteen to sixteen acid 
groups found by acid-base titration. It seems unlikely that these nine to 
ten additional groups could have escaped detection during the acid-base 
titrations if they truly existed. It is hoped that future work will clarify 
this puzzling discrepancy, but in our opinion the value obtained by acid- 
base titration is inherently more reliable than that obtained by the dye 
titrations. 

We would conclude, therefore, that there are in orosomucoid fifteen to 
sixteen sialic acid residues, that the carboxyl groups of these residues are 
free and contribute to the acid isoelectric point of the protein, and that, 
when these sialic acid residues are removed through the mediation of the 
C'. perfringens enzyme, the newly exposed groups on the protein probably 
make no contribution to its acid or base-combining capacity. 
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We would like to express our indebtedness and appreciation to Dr. 
Donald D. Van Slyke for many helpful discussions. 


SUMMARY 


An enzyme present in culture filtrates of Clostridium perfringens cleaves 
sialic acid from orosomucoid, an a;-glycoprotein of human plasma. Con- 
ditions under which the organism produces useful levels of activity are 
described. The enzymatic reaction proceeds with maximal velocity at 
pH 5.0 to 5.5. No requirement for metallic ion activators has been dem- 
onstrated. Upon removal of the sialic acid the isoelectric point of oroso- 
mucoid is shifted from pH 2.7 to 5.0, but the sedimentation constant is 
only slightly affected. A comparison of titration curves of orosomucoid 
and the sialic acid-free mucoid shows a loss of fifteen to sixteen strongly 
acidic groups per protein molecule (assumed molecular weight 45,000) 
during the enzymatic reaction. 
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The separation and purification of the individual components of mixed 
phospholipides from tissues have long posed a difficult problem. In 
addition to the possible oxidative changes and enzymatic alterations that 
can occur during the isolation procedure, one is confronted with the pres- 
ence of a variety of possible contaminants, such as free sterols, sterol 
glycosides, free amino acids, glycerides, sugars, salts, etc., which complicate 
the fractionation scheme. Several possible routes of fractionation of the 
mixed lipides have been utilized, 7.e. salt fractionation, low temperature 
separation, and adsorption chromatography. The classical cadmium 
chloride procedure of Levene and Rolf (1) has provided a useful route to a 
fairly pure lecithin. Through the use of solvents at a low temperature, 
Sinclair (2) was able to separate, though in low yields, a reasonably pure 
lecithin. Taurog et al. (3) were able to fractionate the choline-containing 
phospholipides from the non-choline-containing phospholipides of liver by 
differential adsorption on magnesium oxide. More recently, a column 
chromatographic technique which employs aluminum oxide (4) has allowed 
a facile approach to the preparation in good yield of highly purified lecithin. 
However, none of these procedures mentioned above has permitted the 
subsequent isolation of the other components, ‘“‘the cephalins,”’ and hence 
has presented a limitation. Within the past few years, the availability of 
pure silicic acid has made possible its application to the chromatographic 
separation of the phospholipides. McKibbin, by employing essentially a 
gradient elution scheme with silicic acid as the adsorbent, was able to 
separate a polyglycerophosphatide (5) and an inositide (6) from dog and 
horse liver, respectively. Lea et al. (7) applied the silicic acid technique 
only to the separation of the two major components of egg-mixed phos- 
pholipides. 

In the present communication, a procedure is described wherein the 
various classes of compounds in the mixed phospholipides from rat liver, 
beef liver, and bakers’ yeast can be separated in a reasonable state of 
purity on a single column of silicic acid. 


* Supported by grants from the National Science Foundation and the American 
Cancer Society. The following abbreviation is used: C-M, chloroform-methanol. 
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EXPERIMENTAL 
Materials and Methods 


The silicic acid was Mallinckrodt’s analytical reagent, suitable for 
chromatographic analysis. Whenever possible, fresh bottles of the acid 
were used. Otherwise, before use, the silicic acid was dried for 12 hours 
at-105°. As an aid in the flow of solvent through the columns, Hyflo 
Super-Cel (Johns-Manville) was mixed with the silicic acid (2 parts 
silicic acid to 1 part Super-Cel). Reagent grade solvents were used. 

Phosphorus was assayed by King’s method (8), nitrogen by the micro- 
Kjeldahl procedure, with selenium oxychloride as catalyst, and choline by 
Glick’s method (9). Sphingosine nitrogen was determined by Carter’s! 
modification of the method of McKibbin and Taylor (10); this modifica- 
tion employed a 6 hour reflux of the lipide with saturated Ba(OH)>., cooling, 
and acidification with acid in the cold. The mixture is then extracted 
with chloroform and the CHCl;-soluble fraction is analyzed for total 
nitrogen and phosphorus. Total fatty acids were isolated by ether extrac- 
tion of an acidified hydrolysate of a 5 hour 0.5 n KOH reflux, washed well 
with water, and processed in the usual manner. Total glycerophosphate 
was determined by Burmaster’s periodate method (11) on the water- 
soluble fraction from the above hydrolysate and also identified by paper 
chromatography (12). Unsaturation was assayed either by the Wijs 
iodine absorption method (13) or by catalytic hydrogenation over PtQs. 
Inositol was assayed by the microbiological technique with use of Kloeckera 
apiculata as the test organism.? The lipide sample for inositol and glycerol 
assay was refluxed for 48 hours in 2 N HCl, cooled, and filtered. If the 
lipide sample was refluxed in 6 Nn HCI for 48 hours, as much as 70 per cent 
of the glycerol was destroyed. Also, it was not advisable to remove any 
excess acid from a glycerol sample by evaporation on a steam bath, as a 
considerable loss of glycerol, but not inositol, occurred. Removal of 
mineral acid and any hydroxy amines can be achieved with no loss of 
inositol or glycerol, by passage of the sample through Amberlite IR-45 
and IRC-50 exchange resins. Glycerol can be assayed quantitatively in a 
hydrolysate by a modified periodate oxidation procedure in which the 
liberated formaldehyde is detected by reaction with chromotropic acid.’ 
Glycerol and inositol can also be identified qualitatively by chromatography 
on Whatman No. 3 paper with propanol-water (4:1) and by spraying with 
AgNOs3 reagent (14). In addition, glycerol may be assayed quantitatively 


1 The authors are indebted to Dr. Herbert E. Carter for the details of his unpub- 


lished method. 

2 We are indebted to Dr. Howard Douglas for his aid in establishing this pro- 
cedure. This particular organism has an absolute requirement for myo-inositol. 

3’ Olley, J., unpublished observations. 
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by first being separated by chromatography on borax-impregnated paper 
(Whatman No. 3) with 0.5 per cent borax-n-propanol (1:1) as the solvent, 
and by location of the spot with lead tetraacetate reagent. Subsequently 
the spot can be eluted with water and the formaldehyde determined by 
the chromotropic acid method.’ 

The detection of bases such as choline was also made by the paper 
chromatographic procedure of Levine and Chargaff (15), but with 80 per 
cent propanol as the solvent in an ascending system. Acetals were de- 
tected by a modified Feulgen reaction (16), carbohydrates by the Molisch 
reaction, and sterols by the Liebermann-Burchard test. Free amino acids 
were detected by paper chromatography of the samples with chloroform- 
methanol (4:1)-water (0.5 per cent) as the solvent and by spraying with 
ninhydrin reagent. Under these conditions the amino acids and ethanol- 
amine do not migrate. 

Amino acids and other ninhydrin-reactive components such as ethanol- 
amine were detected qualitatively by a paper chromatographic technique 
which utilized the methods of Moore and Stein (17) and Connell eé al. 
(18). The most effective medium for the hydrolysis of the phospholipides 
was anhydrous methanolic 6 N HCl, which caused the least formation of 
free ammonia from either serine or ethanolamine. 


Isolation of Phospholipides 


In all instances the lipides were isolated from a tissue by repeated 
ethanol-diethyl ether extractions at room temperature. The particular 
tissue (except yeast)‘ was homogenized for 2 minutes in a Waring blendor 
with 95 per cent ethanol and then allowed to stand at room temperature 
for 4 hours. The mixture was filtered as rapidly as possible, leaving the 
residue slightly moist with solvent each time. This material was then 
reextracted with a 95 per cent ethanol-diethyl ether (3:1) mixture for an 
additional 3 hours and then filtered. The residue was reextracted for a 
third time with the same solvent system and the filtrate from all the 
extractions then concentrated at 37° in vacuo to remove the solvent. The 
concentrates were combined and extracted with petroleum ether, except 
with yeast extracts in which diethyl ether is the preferred extractant at 
this stage. The ether extracts were washed five to six times with small 
volumes of water and then concentrated to a small volume and 10 volumes 
of acetone were added. The mixture was then placed at —25° for several 
hours to insure a. satisfactory separation of the phospholipides. The 
acetone-insoluble material, representing 90 to 95 per cent of the total 


‘Fresh bakers’ yeast is extracted for 8 hour periods each time with these solvent 
systems. We wish to thank Standard Brands, Inc., Sumner, Washington, for gen- 
erous supplies of the yeast. 
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phospholipides, was washed several times with acetone, redissolved in 
ether, and reprecipitated with acetone. This procedure was repeated 
three times. If this material were not chromatographed immediately, it 
was stored under acetone at —25° in the dark. When this fraction was to 
be used as the total mixed phospholipides, it was dissolved in a chloroform- 
methanol mixture (usually 4:1 or in certain instances, 7:1) and then applied 
directly to a column. When the cephalin fraction was desired, the above 
acetone-insoluble fraction was warmed at 35° in vacuo to remove traces of 
solvent. The residue was treated with 95 per cent ethanol and mixed as 
well as possible and allowed to stand at room temperature for 3 to 4 hours. 
The ethanol-soluble fraction, which contained the bulk of the lecithin 
fraction and some phosphatidylethanolamine, was removed usually by 
decantation, and the residue reextracted with 95 per cent ethanol for an 
additional 4 hours at room temperature. The ethanol-insoluble fraction 
was then dissolved in CHCl];-MeOH, 4:1 or 7:1, and used directly for the 
chromatographic separation. An alternative procedure was to dissolve 
the acetone-insoluble fraction in a small volume of chloroform and add 
excess 95 per cent ethanol. This mixture was then placed at —25° for 
several hours. However, the amounts of cephalin fraction recovered by 
this procedure were often much lower than those recovered by the direct 
ethanol extraction of the acetone-insoluble fraction. 


Chromatographic Separation 


The following technique has been adopted as a general procedure for the 
fractionation of mixed phospholipides on silicic acid. 

Preparation of Columns—Essentially the columns were prepared by the 
procedure outlined by Lea et al. (7). The silicic acid and Hyflo Super-Cel® 
were mixed in a ratio of 2 parts to 1, respectively, and suspended in the 
initial solvent system (2.e. chloroform-methanol, 4:1) and filtered with suc- 
tion on a sintered glass Biichner funnel. The residue was resuspended in 
the same solvent and the washing and filtration procedure were repeated 
for three additional times. Finally the washed silicic acid was suspended 
in the same solvent system and poured into the columns described below. 

Two different sized columns have been used, the characteristics of which 
are as follows: 

Type A Column—This column measured 30 X 400 mm. and was tapered 
at the lower end to approximately 8 mm. It was fitted at the top with a 
ball and socket joint to which was attached a solvent reservoir, approxi- 
mately 1 liter in capacity, and this reservoir was coupled to a cylinder of 


5 If the Hyflo Super-Cel was heated to 110° before use, there was an almost com- 
plete reversal in the elution pattern of the compounds and a considerable over- 
lapping of the eluted components. 
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nitrogen. This sized column could accommodate 60 to 80 gm. of silicic 
acid (plus Super-Cel). The usual load was 0.8 to 1.0 mg. of phospholipide 
phosphorus per gm. of silicic acid and flow rates were 1.5 to 2.0 ml. per 
minute, maintained if necessary by slight nitrogen pressure. <A glass wool 
plug, approximately 25 mm. thick, was used as a support for the silicic 
acid.° 

Type B Column—This column measured 42 X 890 mm. and had a. 
standard taper perforated glass disk (Scientific Glass Apparatus Company, 
interjoint $ 35/45) at the lower end of the column, and on this was placed 
a thin layer of glass wool (~10 mm. thick) for support of the silicic acid. 
The remainder of the column, reservoir, etc., was constructed in essentially 
the same manner as Type A column. This sized column could hold 
300 gm. of silicic acid (plus Super-Cel) and again the normal loading 
range was 0.8 to 1.0 mg. of phospholipide P per gm. of silicic acid. The 
flow rate was usually 1.5 to 2.0 ml. per minute, maintained, if necessary, 
by a slight nitrogen pressure. 

Chromatographic Procedure—After the silicic acid had reached a con- 
stant level, the solvent was then allowed to drain nearly to the surface of 
the silicic acid and the sample in 10 ml. of the initial solvent for Type A 
column (and in 30 ml. for the Type B column) was allowed to flow slowly 
on to the column so as not to disturb the surface. Gentle tapping of the 
column at this stage aided in maintaining a level surface to the silicic 
acid. The solvent was allowed to drain nearly to the surface, and addi- 
tional small quantities of solvents were added slowly until the sample 
was completely washed on to the column. Then additional solvent was 
added carefully, and the column was attached to a fraction collector. 
The size of the fractions collected was 8 ml. with the small and 16 ml. with 
the large columns. In each experiment, the progress of the fractionation 
was followed by phosphorus analyses on each individual tube and, when 
it was necessary to change to a new solvent system, the new solvent was 
added after the previous solvent had reached the surface of the silicic 
acid. 

Solvent System—To date, the solvent system most satisfactory for the 
separation of mixed phospholipides or cephalins on silicic acid has been 
mixtures (v/v) of chloroform and methanol applied in the following 
dilutions: (1) 7:1 or (2) 4:1, (3) 3:2, and (4) 1:4. These solvent combi- 
nations permit recovery of at least 88 to 95 per cent of the phospho- 
lipide phosphorus applied to the columns. The composition of the initial 
eluting solvent will depend upon the nature of the phospholipide mix- 

® When a plug of cotton was used in addition to the glass wool plug for a support 


of the silicic acid, approximately 20 per cent of the phospholipides, particularly the 
phosphoinositides, was adsorbed by the cotton and could not be easily removed. 
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ture. In general an exploratory experiment with Solvent 2 as the first 
solvent will indicate the ease with which the fast moving fractions can 
be separated by this system. The use of a gradient elution technique, 
wherein subtle changes in the polarity of the solvents are made, was 
not successful with these materials. Specifically it was found that, unless 
sharp substantial changes were made in the ratio of the solvents, there 
was a tendency towards general “smearing” of all the fractions. For ex- 
ample, a change from a chloroform-methanol mixture of 4:1 (Solvent 2) to 
3:1 or 2:1 completely obscured the inositol lipides peak, and as a result it 
was eluted with the lecithin fraction. In addition, the length of time 
for elution of the various components by this approach (up to 2 to 3 days 
for a 60 gm. silicic acid column) was not justified by the inadequate 
fractionation results. 

When egg-mixed phospholipides were separated on a silicic acid column 
by use of the solvent system recommended by Lea et al. (7), namely Sol- 
vent 2, the phosphatidylethanolamine was removed readily, but the 
subsequent elution of the lecithin in the same solvent was extremely slow. 
However, the lecithins can be removed at a much more rapid rate with 
Solvent 3. 

General Comments on Column Performance—The reproducibility of the 
columns has been excellent. Over twenty different columns have _ been 
run on the phospholipides from each of the sources described and there 
has been good agreement as to elution pattern, composition of the frac- 
tions, and application of this technique to large as well as small scale 
preparation of individual components. No untoward effects of the silicic 
acid, light, or temperature (25-28°) upon the elution pattern or composition 
have been noted. This strongly supports the conclusion that these com- 
ponents are present in the original tissues and have not arisen as artifacts 
of the isolation procedure. 

The time involved in the complete fractionation of a particular mixture 
varies with the type of sample, size of column, and the flow rate. In 
general, with the mixed phospholipides a complete fractionation on a 60 gm. 
column can be accomplished in 20 hours and with a 250 gm. column in 
48 hours at a flow rate of 1.5 to 2.0 ml. per minute. Through the use of 
the cephalin fractions, this time period can be reduced by a minimum of 
4 hours in each case. 

While it might be desirable to use higher flow rates than described here, 
the increased nitrogen pressure required to maintain a high flow rate 
(4 to 5 ml. per minute) will cause ultimately a tight packing of the column 
and a substantial decrease in the flow of solvent. Except for solvent 
changes, it is best not to interrupt the fractionation procedure once it has 
been started. 
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Chemical Nature of Eluted Fractions—In all the sources described here, 
the mixed phospholipides have been separated into five distinct fractions. 
The graphic results of experiments on the separation of the mixed phos- 
pholipides of rat liver, beef liver, and bakers’ yeast are shown in Figs. 1, 2, 
and 3, and the data on the composition of the individual fractions, with- 
out further purification or treatment, are recorded in Tables I, II, and III. 
The results may be separated into categories as follows, according to the 
components removed by each solvent system. 

Solvent 2, Fraction A (or Solvent 1)—The initial phosphorus-containing 
fraction from beef liver- and yeast-mixed phospholipides was composed of 


C-M 4:1 C-M 3:2 C-M 1:4 
1.0- (22) 
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TUBE NUMBER 
Fig. 1. Chromatogram of rat liver-mixed phospholipides (40 mg. of P) on a 60 
gm. silicic acid-30 gm. Hyflo Super-Cel column. The eluting solvents were mixtures 
of chloroform and methanol (v/v). The numbers above the various fractions repre- 
sent the per cent of the total applied phosphorus eluted. The composition of each 
of the fractions is recorded in Table I. 


a low nitrogen-containing component, the bulk of the pigment of the 
original sample and traces of glycerides, sterols, and sterol glycosides. 
The phosphorus-containing component may be comparable to the poly- 
glycerophosphatide described by McKibbin and Taylor (5), but insuffi- 
cient data are available for a suitable comparison. In the particular 
experiments cited here, the initial fraction from rat liver phospholipides 
contained mainly phosphatidylserine, but it represents only a_ small 
percentage of the total phosphatidylserine which is found in the next 
fraction. 

Solvent 2, Fraction B (or Solvent 2)—In all the sources examined here, 
this eluent had, as its main components, phosphatidylserine and phos- 
phatidylethanolamine. While there have been many methods described 
in the literature for the quantitative estimation of ethanolamine and 
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serine in phospholipides, these techniques have not worked to our satis- 
faction. Although this problem is under active investigation at present 
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Fic. 2. Chromatogram of beef liver-mixed phospholipides (53 mg. of P) on a 60 
gm. silicic acid-30 gm. Hyflo Super-Cel column. The eluting solvents were mixtures 
of chloroform and methanol (v/v). The numbers above the various fractions repre- 
sent the per cent of the total applied phosphorus eluted. The composition of each 
of the fractions is recorded in Table II. 
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Fic. 3. Chromatogram of yeast-mixed phospholipides (47 mg. of P) on a 60 gm. 
silicic acid-30 gm. Hyflo Super-Cel column. The eluting solvents were mixtures of 
chloroform and methanol (v/v). The numbers above the various fractions represent 
the per cent of the total applied phosphorus — The composition of each of the 
fractions is recorded in Table III. 


in this Laboratory,’ there are two main considerations of concern; namely, 
the mode of hydrolysis, wherein the least amount of ammonia from degrada- 


7 Unpublished observations. 
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tion of the ethanolamine and serine occurs, and the subsequent unequivocal 


assay of these nitrogen components. 


In view of our evidence to date 


with ion exchange resins for separation of ethanolamine and serine, the 


TABLE I 


Composition of Fractions Obtained from Chromatogram of Rat Liver-Mizxed 
Phospholipides on Silicic Acid-Hyflo Super-Cel (2:1)* (Fig. 1) 


Solvent 3, 
Fraction At Fraction Bt | Fraction At 
P,% 3.91 4.01 3.34 3.82 3.80 
N,% 1.82 1.79 0.27 1.71 2.93t 
Choline, % None None None 14.70 10.3 
present present present 
N:P, molar ratio 1.03 0.98 0.18 0.98 1.70 
Choline: P, molar ratio 0.99 0.70 
Inositol, % None None 11.6 0.2 | None 
present present present 
Inositol: P, molar ratio 0.60 0.01 
Glycero-P:P, molar ratio 0.95 0.97 Not run 0.99 | Not run 
Fatty acid, % 67.0 70.4 52.5 68.2 
Neutral equivalent 265 281 308 285 sul AUB 
Fatty acid:P, molar 1.92 1.97 1.58 1.95 oe 
ratio 
Qualitative tests 
Free amino acids ++ 
Liebermann-Burchard | + (slight) 
Principal N components Serine Ethanol- | Serine, Cho- | Sphingo- 
amine, ethanol-| line sine, cho- 
serine amine line, free 
amino 
acids 


* The compositton of the original lipide mixture is 3.78 per cent P, 1.81 per cent 


N, 8.26 per cent choline. 


N:P, molar ratio, 1.06; choline: P, molar ratio, 0.56. 


t Aand B refer to the first and second components removed, respectively, with this 


particular solvent mixture. 


t Analysis showed at least 85 per cent of the N to be sphingosine-like. 


yeast Solvent 2 fraction contains approximately 50 per cent of its lipide 
In the rat liver, 
it has been observed that there is approximately 55 per cent phosphatidyl- 
ethanolamine and 45 per cent phosphatidylserine. 
beef liver fraction, only 55 per cent of the total nitrogen may be obtained 


nitrogen as serine and the remainder as ethanolamine. 


However, in the 
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as serine and ethanolamine. 
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The remaining nitrogen apparently repre- 


sents a new nitrogen component, which does not react with periodate at 


TABLE II 


Composition of Fractions Obtained from Chromatogram of Beef Liver-Mized 
Phospholipides on Silicic Acid-Hyflo Super Cel (2:1)* (Fig. 2) 


Solvent 3, 
Fraction At | Fraction Bt | Fraction At — mae 
P,% 3.37 3.71 3.36 3.61 3.68 
N,% 0.21 1.63 0.42 1.69 3.39} 
Choline, % None None None 13.30 11.2 
present present present 
N:P, molar ratio 0.14 0.98 0.28 1.02 2.04 
Choline:P, molar ratio 0.94 0.78 
Inositol, % None None 15.6 0.08 | None 
present present present 
Inositol: P, molar ratio 0.80 0.004 
Inositol-glycerol, molar 0.80 
ratio 
Glycero-P:P, molar ratio 1.0 0.96 Not run 0.97 Not run 
Fatty acid, % 56.4 74.1 60.4 70.0 glnernes: 
Neutral equivalent 355.0 322.0 290.0 |322.0 i 
Fatty acid:P, molar 1.45 1.91 1.90 1.95 
ratio 
Qualitative tests 
Ninhydrin _ + + _ +++ 
Free amino acids ++ 
Principal N components Serine Ethanol- | Serine, Cho- | Sphingo- 
amine, ethanol-| _ line sine, cho- 
serine amine line, free 
amino 
acids 


* The composition of the original lipide mixture: 3.83 per cent P, 1.83 per cent N, 
7.50 per cent choline; N:P, molar ratio, 1.05; choline: P, molar ratio, 0.50. 

+t Aand B refer to the first and second components removed, respectively, with this 
particular solvent mixture. 


t Analysis showed 80 to 85 per cent of the total N to be sphingosine-like. 


room temperature (ethanolamine and serine react readily) or the phos- 
phomolybdiec acid reagent of Levine and Chargaff (15), but does form a 
dinitrophenyl derivative upon reaction with dinitrofluorobenzene, and is 
apparently ninhydrin-reactive. The chemical nature of this component 
is under active investigation at the present time. 
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These fractions all showed the typical infrared pattern for phospho- 
glycerides and had optical activity in the expected range, [a]; +6.0° to 


TaBLeE III 


Composition of Fractions Obtained from Chromatogram of Yeast-Mized 


Phospholipides on Silicic Acid-Hyflo Super Cel (2:1)* (Fig. 3) 


Solvent 1 Solvent 2 Solvent 3, Solvent 3, Solvent 4 
fraction fraction Fraction At | Fraction Bt fraction 
P,% 3.17 3.80 3.44 3.72 2.96 
N,% 0.24 1.63 0.68 1.69 2.20f 
Choline, % None None None 14.3 10.0 
present present present 
N:P, molar ratio 0.17 0.95 0.45 1.00 1.65 
Choline: P, molar ratio 0.99 0.87 
Inositol, % None 0.18 20.7 None None 
present present present 
Inositol: P, molar ratio 0.008 1.04 
Inositol: glycerol, mo- 1.00 
lar ratio 
Glycero-P:P, molar 0.90 0.98 Not run 1.04 Not run 
ratio 
Fatty acid, % 52.0 66.7 50.0 60.1 ca 
Neutral equivalent 285 280 267 254 
Fatty acid:P, molar 1.79 1.95 1.70 1.97 ean 
ratio 
Qualitative tests 
Ninhydrin + + +++ 
Burchard 
Principal N compo- | Not iden- , Ethanol- | Serine, Choline Sphingo- 
nents tified amine, ethanol- sine, 
serine amine choline, 
free 
amino 
acids 


* The composition of the original lipide mixture: 3.88 per cent P, 1.77 per cent N, 


7.1 per cent choline. 


N:P, molar ratio, 1.01; choline: P, molar ratio, 0.47. 


+ A and B refer to the first and second components removed, respectively, with 


this solvent mixture. 


t Analysis showed 80 per cent of the N to be sphingosine-like. 


6.4°, 


less than 0.1 per cent inositol. 
Solvent 3, Fraction A—The analytical data on this eluent revealed it to 


In addition, they contained no choline, sphingosine, or acetals, and 
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be uniquely the major phosphoinositide fraction. A minimum of 95 per 
cent of the inositol-containing phospholipides placed on the column was 
recovered in this fraction. When the solvent pattern described here was 
used, similar results were obtained with the phospholipides from rat. liver, 
beef liver, and yeast. These components contained inositol, glycerol, 
fatty acids, and small (contaminant) amounts of nitrogen (as serine and 
ethanolamine). No choline, sphingosine, or acetals were present. The 
phosphoinositides are soluble in chloroform, dry diethyl ether (99 per 
cent), and glacial acetic acid, are partially soluble in wet diethy] ether 
(95 per cent) and warm ethyl acetate (45°), and are insoluble in acetone, 
methanol, and ethanol. 

When it is desired to obtain this component in bulk amounts, it is 
preferable to utilize the ethanol-insoluble fraction from the original phos- 
pholipide preparation, which contains the major amount of the phos- 
phoinositide (in two to three times the original concentration). However, 
one should be cognizant of the fact that the differentiation between the 
phosphoinositide and lecithin elution peaks is not as clear cut as with the 
original phospholipide mixture. Hence, one must take more frequent 
samples near the expected change from one component to the other. 

Solvent 3, Fraction B—This fraction contained only the lecithins. As 
is evident from Figs. 1, 2, and 3, the lecithins are removed from the column 
at a slow rate and with considerable skewing of the elution curve. A 
closer examination of the composition of the fore and back portions of 
this curve showed it to have an almost identical composition, the only 
difference being in the degree of unsaturation. The front half has a higher 
amount of unsaturated fatty acids present and the back half a much lesser 
amount. The results on the composition of the two sections of the lecithin 
elution curve (from rat liver phospholipides) are shown in Table IV. 
However, the degree of unsaturation is not the only factor involved, as 
the yeast lecithin tends to have the same degree of unsaturation in both 
portions of the elution curve. Hydrolysis studies showed only choline, 
fatty acids, and glycerophosphate to be present. An infrared spectrum 
of the preparations shows a typical curve for a phosphoglyceride and the 
optical activity of these fractions was in the expected range [a]? +6.0° 
to 6.3°. 

In agreement with the observations of Long and Penney (19), it was 
found that the lecithin fraction obtained via silicic acid columns is not 
attacked by lecithinase A. However, if this fraction is passed through 
aluminum oxide, or through adjustment of the pH to 7.0, the attack by 
this enzyme proceeds in a normal fashion. 

Solvent 4 Fraction—The final phosphorus-containing lipide removed 
from the column appeared to contain 80 to 85 per cent of its nitrogen as a 
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sphingosine-like material. It also has solubility characteristics similar to 
those of other sphingolipides. However, more definitive exact information 
on the chemical nature of this fraction has not been obtained. In all the 
sources examined here, this fraction contained all the free amino acids 
present in the original mixture applied to the column. Prior removal of 
the amino acids of the original sample by passage through cellulose columns 
or ion exchange resins worked well, but there was approximately a 10 to 
20 per cent loss of phospholipide (particularly the phosphoinositides) in 
this operation. Although there was only a trace amount of lysolecithin 
in these samples, this material was usually found in the eluent between 
the tail of the lecithin curve and the sphingolipide fraction. 


TaBLeE IV 
Chemical Nature of Lecithin Fractions from Chromatography of 
Rat Liver-Mizxed Phospholipides 
The material obtained in the Fraction B elution indicated in Fig. 1 was divided 
into two parts, a fast moving component (Tubes 85 to 105) and a slow moving com- 
ponent (Tubes 106 to 190), and was analyzed. 


Tubes 85-105 Tubes 106-190 

Fatty acid: P, molar ratio......................... 1.98 1.95 
Hydrogen uptake, fatty acid, mM permM.......... 1.4. 0.38 


DISCUSSION 


In the present investigation it has been shown that a satisfactory separa- 
tion of many of the components of the mixed phospholipides from rat 
liver, beef liver, and yeast can be achieved through chromatography on a 
single column of silicic acid. In effect with varying mixtures of chloro- 
form-methanol (4:1, 3:2, and 1.4), a combined phosphatidyl] ethanol- 
amine-phosphatidyl serine fraction, the phosphoinositides, the lecithins, 
and sphingolipides can be separated from each other and obtained in good 
yields. In the elution pattern described here, there is an initial fraction, 
containing approximately 1 to 2 per cent of the total phosphorus, which 
may contain traces of glycerides, pigments, sterols, and sterol glycosides. 
The last eluted component (in Solvent 4 fraction) contained all the free 
amino acids present in the original sample, the entire phosphosphingoside 
fraction, and upon occasion traces of a compound thought to be lysolecithin. 
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Although only traces of acetal phospholipides were present in the original 
phospholipide mixture used here, preliminary evidence in this Laboratory 
on the separation of beef heart mitochondrial phospholipides with these 
solvent systems indicated that the ethanolamine and the choline deriva- 
tives would distribute themselves with their counterparts, phosphatidy]- 
ethanolamine and phosphatidylcholine (lecithin), respectively. 

88 to 95 per cent of the lipide phosphorus applied to a column can be 
recovered in the fractions mentioned above. It is important to stress at 
this point that the presently described procedure has worked well with the 
mixed phospholipides from beef liver, rat liver, and yeast, but that it is 
not a guarantee that it will work satisfactorily with every source of phos- 
pholipides. As in any chromatographic procedure with compounds as 
labile and perhaps as equivocal in composition as the phospholipides, this 
presently described procedure is no panacea. However, it does allow a 
facile approach to the separation in a reasonable state of purity of the 
major components of these three tissues. Thus this can represent an 
initial phase in the final purification of certain of the fractions. 

Inasmuch as the results from these diverse sources showed an almost 
identical elution pattern and rather similar composition, a justifiable 
suspicion was cast on the possibility that artifacts had arisen during the 
isolation and chromatographic procedures. However, since the extraction 
procedure is performed under mild conditions and the chromatograms are 
reproducible with different loading factors, it seems improbable that 
artifact production was of any significance. Moreover, a chromatogram 
of egg-mixed phospholipides on silicic acid with the same solvents used 
above showed the presence of only two major components (cf. Rhodes and 
Lea (20)). Although these two components were contaminated with 
small amounts of other substances, these results supported the proposal 
that no significant degradation of the mixed phospholipides occurred on 
silicic acid chromatography. 

Of considerable interest was the finding that 90 to 95 per cent of the 
inositol-containing phospholipides from all these sources could be obtained 
in a single fraction; namely, the initial component in the Solvent 3 fraction. 
In view of this evidence, it would appear that this chromatographic pro- 
cedure offers a decided advantage over the classical solvent method of 
Folch (21) for the isolation of phosphoinositides. McKibbin (6), using 
silicic acid chromatography, has isolated phosphoinositides from liver, but, 
in contrast to the findings reported here, has observed that inositides are 
present in significant amounts in several different fractions. One possible 
explanation is that McKibbin used the equivalent of 1.6 mg. of P per gm. 
of silicic acid in his procedure compared to the 0.8 to 1.0 mg. of P per gm. 
of silicic acid used in our experiments. It has been our experience that a 
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loading factor higher than 1.0 mg. of P per gm. of silicic acid resulted in 
the overloading of the column with the consequent finding of the phospho- 
inositides in several different fractions. In addition it has been our 
experience that the use of the more subtle changes in polar solvent concen- 
trations as practiced in a strict gradient elution technique resulted in 
considerable overlapping of the various fractions. Hence the use of 
substantial changes in solvent concentrations appears necessary to insure 
a suitable separation of the individual components of a phospholipide 
mixture. 

As has been indicated previously (see under “ Results’’), the methods 
reported in the literature for the quantitative estimation of ethanolamine 
and serine in lipide hydrolysates were not as satisfactory as expected. 
Perhaps one of the major difficulties involved in a suitable analysis of 
lipides for their nitrogenous components resides in the procedure chosen 
for the hydrolysis of the lipides. Although little attention has been 
directed toward this aspect of the problem, it was found that anhydrous 
methanolic 6 N HCl, as suggested by Artom (22), was the most effective 
hydrolytic agent at reflux temperatures and caused the least formation of 
free ammonia from ethanolamine or serine. The use of aqueous acids for 
the hydrolytic decomposition of the lipides caused high production of free 
ammonia (10 to 15 per cent). Subsequently the use of ion exchange 
resins (Amberlite IRC-50) has proved unequivocally to be the most effective 
procedure for the quantitative separation of ethanolamine and serine. 
Through the use of this method and by checks on the total nitrogen of 
each of the separated fractions, it has been found that in addition to the 
ethanolamine and serine of Solvent 2 fraction of beef liver phospholipides 
there was an additional, previously unidentified nitrogenous component.’ 
This compound represented approximately 50 per cent of the total lipide 
nitrogen. The details of this investigation will be reported in a forth- 
coming publication. 


The authors are deeply appreciative of the excellent aid and stimulating 
comments of Dr. June Olley during the course of this investigation. 


SUMMARY 


The chromatography of the mixed phospholipides from rat liver, beef 
liver, and yeast on a single silicic acid column is described. Through the 
use of various mixtures (v/v) of chloroform-methanol, namely 4:1; 3:2, 
and 1:4, a satisfactory separation of the phospholipides into five different 
fractions is possible. A phosphatidylethanolamine, phosphatidylserine 
fraction, the phosphoinositides, and lecithins comprise the major fraction 
of the lipides, although sphingolipides and an unidentified low nitrogen- 
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containing phospholipide are present to a small extent. 90 to 95 per cent 
of the inositol-containing phospholipides is eluted in a single fraction and 
thus introduces an improved procedure for the isolation of phosphoinosi- 


tides. 
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ENZYMATIC SYNTHESIS OF GLUCOSAMINE 6-PHOSPHATE 
IN RAT LIVER* 


By BURTON M. POGELL anp ROSA M. GRYDERfT 


(From the Wilmer Ophthalmological Institute of The Johns Hopkins 
University and Hospital, Baltimore, Maryland) 


(Received for publication, March 7, 1957) 


Leloir and Cardini in 1953 described an enzyme from Neurospora crassa 
which formed glucosamine from pD-hexose 6-phosphate and L-glutamine 
(2). Formation of glucosamine by cell-free extracts of streptococci in the 
presence of glucose, adenosine triphosphate, and glutamine was also re- 
ported by Lowther and Rogers (3). Although no similar system was 
described in mammalian tissues, evidence obtained 7m vivo from several 
laboratories has clearly established that the carbon chain of glucose is 
incorporated intact into the glucosamine portion of the mucopolysaccha- 
rides of mammals and microorganisms (4-7). In the present communi- 
cation, an enzyme system from rat liver homogenates is described which 
forms Gm6P! by the following reaction: 
p-Glucose 6-phosphate + L-glutamine — p-glucosamine 6-phosphate + L-glutamate 

Results 


Preliminary studies with a number of combinations of possible glucosa- 
mine precursors in rat liver homogenates yielded only traces of color forma- 
tion as measured by the Blix-Elson-Morgan method (8). Both G6P and 
glutamine appeared to be required for this small synthesis. A marked 
increase in hexosamine formation was observed, however, when the super- 
natant fluid was tested after centrifugation at 18,000 X g for 90 minutes. 
In one experiment, the amount of hexosamine formed in 2 hours from 0.2 
ml. of extract increased from 0.08 to 0.24 umole when the particles were 
removed. No synthesis was found in any of the particulate fractions. 

Further experiments with the high speed supernatant fluid revealed that 
G6P plus glutamine gave the highest synthesis of hexosamine, and no 
cofactors have yet been found. The effect on hexosamine synthesis in 
supernatant fluid of varying amounts of G6P or L-glutamine in the pres- 


* This investigation was supported by a research grant (No. B-141) from the Na- 
tional Institute of Neurological Diseases and Blindness, National Institutes of 
Health, United States Public Health Service. A preliminary note has appeared (1). 

t Postdoctoral Research Fellow of the National Institutes of Health. 

1 The following abbreviations are employed: Gm6P for p-glucosamine 6-phosphate, 
G6P for p-glucose 6-phosphate, F6P for p-fructose 6-phosphate, and G1P for p-glu- 
cose 1-phosphate. 
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ence of constant amounts of the other is shown in Table I. Saturation was 
found with 10 uwmoles per ml. of G6P and 15 to 20 umoles per ml. of gluta- 
mine. A pH optimum between 7.4 and 8.0 was observed with the crude 
supernatant liquid, and a pH optimum of 7.5 with the partially purified 
enzyme (Fig. 1). Linearity of hexosamine formation with respect to time 
was observed for 2 hours with this fraction (Fig. 2). 

Partial Purification—One of the major difficulties encountered in study- 
ing this aminotransferase has been its great instability. Dialysis overnight 
at 4° completely destroyed the activity. Even storage of the supernatant 
fluid at —20° overnight caused a large diminution of enzyme activity. 


TABLE I 
Effect of [Glucose 6-Phosphate] and [Glutamine] on Glucosamine Formation 
in Crude Rat Liver High Speed Supernatant Fluid 
Incubation for 1 hour at 38°. Samples hydrolyzed for 1 hour at 100° in 1 n HCl 
before analysis by Blix method. 


Experiment No. Glucose 6-phosphate Glutamine Glucosamine formed 
pmoles per ml. umoles per ml. pmole per ml. 

1 0 15.0 0.02 
2.5 15.0 0.14 

5.0 15.0 0.21 

7.5 15.0 0.24 

10.0 15.0 0.26 

2 5.0 0 0.06 
5.0 5.0 0.16 

5.0 10.0 0.22 

5.0 15.0 0.21 

5.0 20.0 0.32 


Preincubation of the fresh enzyme at 38° for 60 minutes or heating in a 
water bath to a temperature of 49° reduced the activity to one-half of its 
initial value. All activity was lost when larger scale homogenization was 
tried at full speed in a Waring blendor. This instability of the enzyme is 
discussed further under ‘‘Substrate protection of enzyme activity.” 

A quick partial purification was obtained as follows: Livers from ex- 
sanguinated rats were homogenized for 2 to 3 minutes in 2 ml. of 0.154 M 
KCl (containing 0.001 m sodium ethylenediaminetetraacetate, pH 7) per 
gm. of tissue. Foaming was avoided by running the Waring blendor at 
low speed. After centrifugation at 18,000 X< g for 90 minutes, solid am- 
monium sulfate was added to the supernatant fluid to a concentration of 
1.7 m (9), and the resulting precipitate formed removed by centrifugation 
and discarded. The supernatant fluid from this step was raised to 2.3 M 
ammonium sulfate by addition of the solid, and this precipitate was stored 
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vas at —20°. The aminotransferase activity was stable for several days in 
ta- thisform. Immediately before use, the enzyme was dissolved in water and 
ide dialyzed for 2 hours against 0.0005 m sodium phosphate, pH 7.4. The 
ied specific activity (micromoles per hour per mg. of protein) of the super- 


me natant fluid after storage overnight was 0.015 and that of the 1.7 to 2.3m 
ammonium sulfate fraction 0.027 to 0.050, representing a 2- to 3-fold puri- 


ly- fication. 
ht Specificity of L-Glutamine As Amino Donor—The specificity of the par- 
nt tially purified enzyme for L-glutamine is shown in Table II. This was the 
iY. 
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Fig. 1 Fic. 2 
Fic. 1. pH optimum of aminotransferase. Buffers: O, tris(hydroxymethyl)- 
mi aminomethane-maleate; @, tris(hydroxymethyl)aminomethane; A, phosphate. 
Concentration of buffers was 0.05 M. 
a Fig. 2. Time-course of hexosamine formation at 38°. 
ts 
a only compound found to give significant hexosamine synthesis in the pres- 
” ence of G6P. When NH,+ was added to the high speed supernatant fluid 
in concentrations from 0 to 20 umoles per ml., no increase in hexosamine 
formation was observed. Addition of adenosine triphosphate and NH,+t 
. caused a slight increase in hexosamine synthesis, presumably by synthesis 


of glutamine from endogenous glutamate. 

Specificity of G6P As Sugar Donor—In the presence of t-glutamine, 
almost equal amounts of hexosamine were synthesized by the high speed 
if supernatant fluid with either G6P, F6P, or G1P as substrates. Addition 
of 5 umoles of sodium ethylenediaminetetraacetate had no effect on syn- 
thesis from G6P, but lowered that from G1P by 47 per cent, presumably 
by chelating endogenous Mg++ and thus lowering phosphoglucomutase 
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activity. The ratio of hexosamine synthesis from F6P and G6P was close 
to unity in the crude high speed supernatant fraction, but decreased with 
purification. These results (Table III) point to G6P as a more direct pre- 


TABLE II 
Specificity of Amino Donor in Glucosamine 6-Phosphate Synthesis 
Incubation for 2 hours at 38°. Amino compounds were present at concentrations 


of 15 umoles per ml. Samples were hydrolyzed for 1 hour at 100° in 1 N HCI before 
analysis by Blix method. 


Amino donor Hexosamine formed 
pmole per ml. 
TABLE III 


Relative Enzyme Activity during Purification with Glucose 6-Phosphate 
and Fructose 6-Phosphate As Substrates 
In Experiment 1 samples were hydrolyzed for 1 hour at 100° in 1 N HCl before 
analysis by the Blix method. This was omitted in Experiment 2. [G6P] and [F6P} 
were identical in analysis of each fraction (10 to 12.5 umoles per ml.). 


GOoP FoP 
ate umole | wmole 
per ml. | per ml. 
la | Crude supernatant fluid 92 0.24 | 0.21 0.88 
b | Dialyzed ammonium sulfate ppt. 120 0.53 | 0.37 0.70 


(1.7-2.3 
c Lyophilized, dialyzed ammonium 240 0.30 | 0.17 0.57 
sulfate ppt. (1.7-2.3 m) 


2a | Crude supernatant fluid 120 0.20 | 0.16 0.80 
b | Ammonium sulfate ppt. 

1.5-2.0 M 120 0.51 | 0.25 0.49 

2.0-2.3 ‘* 120 0.19 | 0.08 0.43 


cursor of Gm6P than F6P. Synthesis from F6P with the ammonium sul- 
fate-precipitated enzyme (1.7 to 2.3 M) varied from 67 to 84 per cent of that 
obtained with G6P over the concentration range from 4 to 15 uwmoles per 
ml. <A plateau was reached at 11 wmoles per ml. with both substrates. 


The data in the second experiment of Table III were obtained on fraction- 
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ation of the enzyme in the presence of G6P, which was found to have a 
pronounced stabilizing effect on the enzyme (see below). These values 
are therefore only maximal ratios, since there was some G6P present in 
the enzyme fractions analyzed. 

Substrate Protection of Enzyme Activity—As mentioned earlier, our stud- 
ies on this enzyme were greatly hindered by its instability. Leloir and 
Cardini (2) reported that G6P and glutamine both exerted some protective 
effect on the similar enzyme in Neurospora. When this effect was tested 
on the undialyzed ammonium sulfate fraction of liver, both substrates were 
found to protect the enzyme. After 30 minutes preincubation of the en- 
zyme at 38°, 47 per cent of the activity disappeared, whereas, with G6P 
or glutamine present, 91 and 84 per cent, respectively, of the original ac- 
tivity was found. 

This experiment was repeated over varying time intervals with a di- 
alyzed ammonium sulfate precipitate, and almost complete protection was 
found over a 2 hour preincubation period with G6P added (Fig. 3). The 
protective effect of glutamine, however, had disappeared. ‘These results 
also indicated that G6P might provide protection from loss of activity 
even in the cold. The enzyme preparation which had been allowed to 
stand at 4° after dialysis with no G6P had much lower activity, even with 
no preincubation, than the material to which G6P was added. When 
different concentrations of G6P were tested, maximal protection during 
preincubation was found at about 10 umoles per ml., the same concentration 
which gave maximal aminotransferase activity. 

The apparent protection of enzyme by G6P at 4° was further tested by 
addition of G6P to the original homogenization medium. These results 
(Fig. 4) indicate that consistently higher activities occurred in homogenates 
made in the presence of G6P. Addition of F6P gave only slightly higher 
activity, providing additional evidence that G6P is a more immediate 
precursor for the aminotransferase than F6P. 0.25 M sucrose gave no 
additional activity when used for homogenization, and neither glucose nor 
8-glycerophosphate gave protection when preincubated with the enzyme. 

Hexosamine Product—A typical large scale preparation of the products 
was obtained as follows: 500 umoles of G6P, 1000 umoles of glutamine, and 
the dialyzed ammonium sulfate fraction from twelve rat livers were incu- 
bated in a final volume of 50 ml. in phosphate buffer of pH 7.4 for 4 hours 
at 38°. The reaction was terminated by addition of an equal volume of 
0.4 N trichloroacetic acid. Analysis of the supernatant fluid after hydroly- 
sis for 2 hours in 1 N HCl indicated formation of 94 umoles of hexosamine. 
In two other large scale preparations, syntheses of 118 and 257 umoles of 
hexosamine product in 5.5 and 6.75 hours, respectively, were indicated by 
the Blix-Elson-Morgan color reaction without acid hydrolysis. 
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When this material was fractionated with barium and alcohol (10), the 
hexosamine was quantitatively recovered as the water-soluble, alcohol- 
insoluble Bat+ salt. This compound gave a color spectrum in the Blix 
test which was identical with that of p-glucosamine (Fig. 5). When this 
product was placed on a Dowex 50 ion exchange column (H+ form) at 


ADDITIONS 


G6P (12.5 
F6P 
NONE 


G6P (12.5uM/uv) 
F 6P (12.5uM/m) 
NONE 


G6P 
G6P ( M/mi.) 


MICROMOLES GLUCOSAMINE FORMED 


NONE 
O 25 50 75 1.0 2.0 
PREINCUBATION TIME (MINUTES) MICROMOLES HEXOSAMINE FORMED 


Fic. 3 Fic. 4 

Fic. 3. Effect of preincubation at 38° on enzyme activity in presence and absence 
of substrates. O, enzyme alone; @, enzyme plus L-glutamine (15 wmoles per ml.); 
A, enzyme plus G6P (10 umoles per ml.). After preincubation, G6P added to con- 
centration of 10 umoles per ml. and L-glutamine to 15 uwmoles per ml. in all the tubes 
and incubation continued for 2 hours. The results are expressed as micromoles of 
hexosamine formed per hour. 

Fic. 4. Aminotransferase activity with G6P and F6P included in homogenization 
medium. 2.5 gm. of rat liver homogenized in 5 ml. of isotonic KCl (containing 0.001 
M sodium ethylenediaminetetraacetate, pH 7) plus concentrations of G6P and F6P 
indicated. The samples were centrifuged for 90 minutes at 18,000 X g and 0.3 to 
0.4 ml. of supernatant fluids were analyzed. Final [G6P] was 10 to 12.5 wmoles per 
ml. and [glutamine] 15 wmoles per ml. 2 hour incubation at 38°. The results are ex- 
pressed as micromoles of hexosamine formed per 30 minutes per gm. of wet weight of 
tissue. 


pH 2, it could be completely eluted with distilled water. Synthetic crystal- 
line Gm6P behaved similarly. It could not be eluted with 0.0005 m phos- 
phate buffer of pH 7, but was eluted with distilled water of pH 4.5. 

The hexosamine product was found to be hydrolyzed by a microsomal 
preparation from rat liver with a pH optimum of 6 to 7. After such treat- 
ment, the product could no longer be eluted from the Dowex 50 column 
with distilled water. Maley and Lardy (11) have reported that such 
G6Pase preparations hydrolyze Gm6P. Ascending paper chromatog- 
raphy in a 75:30 mixture of 95 per cent ethanol and ammonium acetate 
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| (1m, pH 3.8) (12) for 17 hours at room temperature gave the following Rr 


values: G6P, 0.32; synthetic Gm6P, 0.28; concentrated hexosamine prod- 
uct after elution from Dowex 50 with water, 0.29. 

The hexosamine product was further identified by hydrolysis with wheat 
germ acid phosphatase (from Worthington Biochemical Corporation). 
The pH optimum for phosphate liberation from Gm6P was 5.0 to 5.5. 72 
umoles of compound after elution from Dowex 50 with distilled water were 
incubated for 2.5 hours at pH 5.5 in citrate buffer in the presence of 111 


OPTICAL DENSITY 


ol : 
450 500 550 600 


WAVE LENGTH IN MH 


Fic. 5. Absorption spectra of hexosamine product and p-glucosamine. Product 
hydrolyzed for 4 hours in 1 N HCl before Blix test. O, product; @, p-glucosamine 
(0.4 umole). 


mg. of phosphatase. The reaction was stopped by addition of trichloro- 
acetic acid and the filtrate dried by lyophilization after removal of the 
acid by ethyl ether extraction. This material was then adjusted to pH 2 
with HCl and placed on a 10 X 1 em. Dowex 50 column (H*). Upon 
gradient elution with a mixer volume of 100 ml. and 1 N HCl in the reser- 
voir, two major peaks appeared (Fig. 6). The initial small peak is proba- 
bly hexose 6-phosphate. The compound in the first major peak when 
analyzed by paper chromatography agreed in Ry value with Gm6P. The 
second major peak was dried by lyophilization and analyzed by paper 
chromatography. The results (Table IV) show that the only hexosamine 
detectable was glucosamine. In the third experiment, the compounds 
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were first converted to pentoses by reaction with ninhydrin as described 
by Stoffyn and Jeanloz (16). 


Ww 


N 


GLUCOSAMINE 


Gm 6P 


nd 
T 


Q 10 20° 30 40 
FRACTION NUMBER 
Fic. 6. Dowex 50 chromatography of products after hydrolysis withtwheat germ 
acid phosphatase. 2 ml. fractions were collected and 0.1 ml. of each analyzed by 
Dische-Borenfreund method (13). Non-deaminated blanks were not included. 


Fraction 28 contained 5.5 ml. 


A OPTICAL DENSITY (489 Mu-590 My) 


TABLE IV 
Identification of Glucosamine in Dephosphorylated Product by Paper Chromatography 
Substance 
Product | 4 rabinose 
R glucose 
1. n-Butanol-pyridine-water (3:2:1.5) (de- | 0.87 0.71 0.85 
scending) (14)* 
2. Kthyl acetate-pyridine-ammonia-water 0.83 0.69 0.84 
(10:5:3:3) (descending) (15) (Trailing) 
R lyxose 
3. n-Butanol-ethanol-water (4:1:1) (de- 0.81 0.99 0). 82 0.83 
scending) (16) 


* The numbers in parentheses represent bibliographic references. 


These data provide strong evidence that the product of the aminotrans- 
ferase reaction is Gm6P and most probably of the p configuration, since 
p-G6P was the substrate and the p form is the enantiomorph of glucosa- 
mine found in mammalian tissues. 
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Amino Acid Product—A similar large scale preparation was analyzed for 
amino acids by paper chromatography after extraction of the trichloro- 
acetic acid with ether. These results (Table V) show that glutamic acid 


TABLE V 
Paper Chromatographic Identification of Glutamic Acid As Product of Reaction 
Ascending chromatography in all cases. 


RF of substance 
Solvent Reaction mixture 

t-Glutamine L-Glutamic acid) 
Initial Final 
1. Methanol, 94% (17)* 0.14 0.14 0.14 
0.23 0.23 
2. Methanol-water-pyridine 0.32 0.31 0.31 
(20:5:1) (18) 0.44 0.43 (trace) 0.44 
3. Phenol-water (100:20) (19) 0.55 0.57 0.56 
0.39 0.41 (trace) 0.41 
4. 2-Butanone-propionic acid- 0.33 0.33 0.32 
water (15:5:6) (20) 0.45 0.44 


* The numbers in parentheses represent bibliographic references. 


TABLE VI 
Aminotransferase Activity of Mammalian Tissues 
The results are expressed as micromoles of product formed per hour per gm. of wet 
weight of tissue. Supernatant fluids were analyzed after 90 minutes centrifugation 
at 18,000 X* g. 


Tissue Tissue 

Rat liver 1.70-5.10 Rat lung 0.34 
Beef lung 1.29 Calf intestine 0.06 

‘¢ kidney cortex 1.16 Beef liver 0.14 
Rabbit intestine 1.10 Calf ‘“ | 0.11 
Calf lung 1.00 Rabbit liver 0.00 
Rat trachea 0.80 Pigeon ‘“‘ 0.00 

‘* intestine 0.38 | | 


is the only new amino acid which appears during this reaction. An ex- 
periment run with the partially purified enzyme revealed no formation of 
glutamate unless G6P was present, thus establishing negligible glutaminase 
activity under the conditions employed. Since the substrate was. L-gluta- 
mine, the product is probably also of the L configuration. 

Occurrence of Aminotransferase in Other Mammalian Tissues ~The rela- 
tive activities of this enzyme in several mammalian tissues are summarized 
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in Table VI. G6P was included in the homogenization medium in these 
experiments. Although the aminotransferase has been consistently found 
in rat liver, only slight traces have been detected in other liver preparations, 
The reason for this is not yet known. 


DISCUSSION 


Gm6P appears now well established as an intermediate in mucopoly- 
saccharide biosynthesis. There are at present at least three pathways for 
its enzymatic formation: (1) by direct phosphorylation of p-glucosamine 
with hexokinase and adenosine triphosphate (21), (2) by reaction between 
F6P and NH, in the presence of appropriate enzyme and catalytic amounts 
of N-acetylglucosamine 6-phosphate (22), and (3) by the enzyme system 
described in this communication. The first pathway could be of signifi- 
cance only in mammalian mucopolysaccharide anabolism in which suff- 
cient quantities of free glucosamine are present in the food intake. The 
marked stimulation produced by L-glutamine of radioactive sulfate and 
glucose incorporation into the chondroitin sulfate of cartilage slices points 
to the relative importance of the pathway from this nitrogen source in 
mammalian tissues (23, 24). 

Although our experiments show G6P to be a more immediate precursor 
of Gm6P than F6P, Blumenthal, Horowitz, Hemerline, and Roseman (25) 
have reported the reverse to be true for the Neurospora enzyme. It may 
well be that a common intermediate is formed which is the immediate hex- 
ose precursor. The mechanism of the protection afforded by G6P to this 
enzyme is now under investigation. In any event, this substrate stabiliza- 
tion has aided us greatly in our studies of the aminotransferase and may 
be of more general usefulness in the study of other labile enzyme systems. 

This amino transfer reaction represents another example of the role of 
the amide N of glutamine as an amino donor in biosynthetic reactions. 
Recently established enzymatic aminations requiring L-glutamine include 
the formation of 5-phosphoribosylamine from 5-phosphoribosylpyrophos- 
phate (26) and the synthesis of guanosine phosphate from xanthosine phos- 
phate (27). The biosynthesis of histidine also apparently involves this 
amide group (28). 


Materials and Methods 


Substrates—Crystalline barium G6P and sodium G6P were obtained 
from the Sigma Chemical Company. Barium F6P (Schwarz) was puri- 
fied by alcohol precipitation (29) after removal of any G6P by seeding a 
water solution with crystalline barium G6P-7H.O. The L-glutamine 
was chromatographically pure. p-Glucosamine hydrochloride (Pfanstiehl) 
was recrystallized from ethanol-water (30). p-Galactosamine hydro- 
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chloride was obtained from the Nutritional Biochemicals Corporation. 
Synthetic crystalline Gm6P was a gift of Dr. Saul Roseman of the Uni- 
versity of Michigan. 

Methods—The usual procedure for measurement of aminotransferase 
activity consisted of incubating 10 to 12.5 umoles of sodium G6P, 15 umoles 
of t-glutamine, enzyme, and 0.1 mM sodium phosphate buffer of pH 7.4 in a 
final volume of 1 ml. for 2 hours at 38° in stoppered 15 ml. centrifuge tubes. 
1 ml. of 0.4 N trichloroacetic acid was then added and a suitable aliquot of 
the supernatant fluid taken for hexosamine analysis. Control samples 
were stopped at zero time by addition of trichloroacetic acid. 

Hexosamine was determined by the Blix-Elson-Morgan method (8) with 
sight modifications. After heating in sodium carbonate, 11 ml. of a 10:1 
mixture of ethanol and the p-dimethylaminobenzaldehyde reagent were 
directly added. In early experiments, the samples were hydrolyzed for 
lhour in 1 N HCl in a volume of 1 ml., and 1 ml. of 2.25 N sodium ecarbon- 
ate added before the second heating. ‘This gave about a 40 per cent in- | 
crease in color when supernatant liquids after precipitation with trichloro- 
acetic acid were directly analyzed, but no similar increase was found with 
synthetic Gm6P or the isolated reaction product. This preliminary hy- 
drolysis was not included in the later experiments. 

Protein was determined by ultraviolet absorption measurements (9). 
The carbohydrate chromatograms were developed with aniline hydrogen 
phthalate reagent (31), and the amino acid chromatograms with ninhydrin 
reagent (32). The Dowex 50 cation exchange resin was 200 to 400 mesh 
with 12 per cent cross-linking. The enzyme purification steps were carried 
out at 4°. 


SUMMARY 


1. An enzyme has been found in rat liver extracts which catalyzes the 
following reaction: p-glucose 6-phosphate + L-glutamine — p-glucosa- 
mine-6-phosphate -++ L-glutamate. Properties of this system are de- 
scribed. 

2. The presence of p-glucose 6-phosphate was found to stabilize greatly 
this very labile enzyme. 


We wish to express our deepest appreciation to the late Dr. Jonas 8. 
Friedenwald, under whose guidance and stimulation the present investiga- 
tion commenced. Mr. Leslie A. Bard performed several of the chro- 
matographic analyses. 
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STEROID-PROTEIN CONJUGATES 


I. PREPARATION AND CHARACTERIZATION OF CONJUGATES OF 
BOVINE SERUM ALBUMIN WITH TESTOSTERONE 
AND WITH CORTISONE* 


By BERNARD F. ERLANGER, FELIX BOREK, SAM M. BEISER, anpb 
SEYMOUR LIEBERMAN 


(From the Departments of Microbiology, Biochemistry, Obstetrics, and 
Gynecology, College of Physicians and Surgeons, Columbia 
University, New York, New York) 


(Received for publication, March 18, 1957) 


Antihormonal principles which could counteract the physiological ef- 
fects of endogenously produced hormones would be of great importance 
to many phases of endocrinology. In addition to the possible fortuitous 
discovery of such inhibitory factors, two rational approaches may be 
considered. The first, similar to that which has been successful with 
antivitamins, is to prepare compounds with structures analogous to those 
of the steroids. This approach, although pursued only to a limited extent, 
has been unpromising, and it is unlikely that much effort will be expended 
in this direction until more is known about the mode of action of the 
steroid hormones. A second approach is the formation of specific anti- 
bodies which could neutralize endogenously formed steroid hormones. 
That various protein hormones are antigenic and can evoke the formation 
of antihormones has been well established. Thus, refractoriness has been 
reported after the prolonged use of some of the hypophyseal hormones 
(gonadotropins, thyrotropin, etc.), parathyroid hormone, and insulin (1). 
Maddock et al. (2) and Leathem (3) have shown that the neutralizing 
antibodies present in the serum of patients receiving purified hog follicle- 
stimulating hormone are not species-specific, since they were active against 
human pituitary follicle-stimulating hormone as well as human chorionic 
gonadotropin. 

Although there have been reports (4-6) that some steroid hormones are 
allergenic, there is at present no evidence of acquired tolerance to chemi- 
cally pure estrogens, androgens, progesterone, or adrenal cortical hormones. 
The possibility of rendering low molecular weight steroids antigenic by 
coupling them to proteins suggested itself from the pioneering investigations 
of Landsteiner. This hapten principle has been applied by Clutton e¢ al. 

* The authors gratefully acknowledge the partial support given them by research 


grants from the National Science Foundation (NSF No. G-2315) and from the Popu- 
lation Council, Ine. 
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(7), who prepared thyroxy! derivatives of proteins and then demonstrated 
that these elicited antisera capable of inhibiting the physiological action 
of thyroglobulin. Previous attempts to apply this principle to steroids 
either have been unsuccessful (8) or have been reported only in abstract 
form with insufficient detail to permit evaluation of the results (9). Mooser 
and Grilichess (8) failed to obtain antibodies against conjugated proteins 
prepared from A‘-androstene-3 , 17-diol-17-(p-amino-o-sulfobenzoate) and 
A®-androstene-3 , 17-diol-3-(p-amino-o-sulfobenzoate) by coupling the diazo- 
tized derivatives of these steroids with tyrosine residues in horse serun, 
bovine serum albumin, casein, or egg albumin. 

This paper reports the preparation and properties of three steroid- 
protein conjugates derived from bovine serum albumin and testosterone 
or cortisone. The steroids in these conjugates are linked by amide bonds 
to the lysine residues of the protein. The 59 lysine residues of bovine 


I i 
O-C-CI OH C=0 


On OH 
CH> COOH 


Fic. 1. Steroid derivatives used for the preparation of steroid-protein conjugates 


serum albumin, as contrasted with only 21 tyrosine residues, provide sites 
sufficient in number to produce conjugates with highly specific antigenic 
properties. The steroid derivatives used for coupling were compounds 
whose structural differences from the parent steroids were minimal. 

Fig. 1 shows the structural formulas of the three coupling derivatives. 
These are as follows: testosterone 17-chlorocarbonate (I), prepared by 
the reaction of testosterone with phosgene (1), testosterone 3-(O-car- 
boxymethyl)oxime (II), prepared by the reaction of testosterone with 
O-(carboxymethyl)hydroxylamine (H2NO-CHe-COOH) (10), and corti- 
sone 21-hemisuccinate (III). Coupling was effected, in the case of the chlo- 
rocarbonate, by a simple Schotten-Baumann reaction and with the car- 
boxylic acid derivatives, by the mixed anhydride technique with use of 
isobutyl chlorocarbonate (11). 

The three steroid-protein conjugates described in this paper are antigenic 
in rabbits, the antibodies being specific for the conjugates and not for 
bovine serum albumin. 
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EXPERIMENTAL! 
Preparation of Steroid-Protein Conjugates 


7T-17-BSA-— A solution of 2 gm. (5.7 mmoles) of testosterone 17-chloro- 
carbonate (12) in 126 ml. of dioxane was added with vigorous stirring and 
cooling (ice bath) over a period of 20 minutes to a solution of 8.75 gm. 
(about 0.125 mmole) of bovine serum albumin? in 187.5 ml. of water, 7 
ml. of N NaOH, and 63 ml. of dioxane. Subsequently, an additional 3 ml. 
of N NaOH were added dropwise, at which point the solution was some- 
what turbid. After the reaction had proceeded for 30 minutes, the further 
addition of 2.6 ml. of N NaOH resulted in a clear solution. Stirring and 
cooling were continued for a total of 4 hours. The solution was dialyzed 
for 18 hours and brought to a pH of 4.6 with 5 ml. of N HCl. The conju- 
gate precipitated and, after storage in the cold for 6 hours, was collected 
by centrifugation. After being washed twice with water, it was redissolved 
in water by bringing the pH to 3.5 with dilute HCl. The clear solution 
was lyophilized, yielding 9.3 gm. of product, [al?? —25.0° + 2° (10.0 mg. 
in 5.0 ml. of 0.05 mM Tris (tris(hydroxymethylaminomethane) buffer, pH 
8.5). The specific rotation of BSA was found to be —59.4° + 1° (25.1 
mg. in 5.0 ml. of 0.05 m Tris buffer, pH 8.5). 

In an analysis for BSA, the literature values (13) were NH.-N, 1.38; 
total N, 16.07. Calculated for T-17-BSA (assumed molecular weight 
78,530 and twenty-seven of 60 NH» groups substituted): NH.-N, 0.59; 
total N, 14.2; ratio® of NH.-N to total N, 0.041; found, NH.-N, 0.54: 
total N, 13.3; moisture, 6.0; ratio of NH.-N to total N, 0.041. 

In one preparation, a crystalline product separated during the dialysis 
and was collected by centrifugation. A photomicrograph of the crystals 
is shown In Fig, 2. 

In order to ascertain whether the conjugate contained any unbound or 
adsorbed steroid, three techniques were employed: (a) dialysis according 

' The following abbreviations are used in this paper: BSA = bovine serum albumin; 
T-17-BSA = the conjugate derived from the reaction of testosterone 17-chloroear- 
bonate and bovine serum albumin; T-3-BSA = the conjugate derived from testos- 
terone 3-(O-carboxvmethyvl)oxime and bovine serum albumin; C-21-BSA = the 
conjugate derived from cortisone 21-hemisuccinate and bovine serum albumin; 
FONB = 1-fluoro-2,4-dinitrobenzene; DNP = 2,4-dinitrophenyl. 

> Armour and Company, Fraction V, powder. 

* Analytical figures are corrected for moisture content, determined by drying at 
7S” for 4 hours, a procedure which does not remove all the moisture. The significant 
data are the ratios of amino to total nitrogen, which are unaffected by moisture 
content. The calculated values are derived from data given in Table 7-B of Brand 
(13), from which a table was constructed containing the figures for the total nitrogens, 
amino nitrogens, and molecular weights of conjugates containing O to 60 steroid 
substituents. 
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to the procedure of Zaffaroni (14), (0) continuous extraction of the solid 
conjugate with chloroform, and (c) hand extraction of an aqueous suspen- 
sion of the conjugate with ether. 

(a) A cellophane casing containing a solution of 48 mg. of T-17-BSA in 
100 ml. of Tris buffer (pH 8.5) and 50 ml. of methanol was placed in a 
glass cylinder with 200 ml. of 40 per cent aqueous methanol and 50 ml. of 
chloroform. The cylinder was stoppered and shaken with a longitudinal 
motion for 20 hours. After withdrawal of the dialysis tube from the cyl- 
inder, the chloroform phase of the dialysate was separated and the aqueous 


Fig. 2. Photomicrograph of crystalline T-17-BSA 


phase extracted with three 50 ml. portions of chloroform. The combined 
chloroform fractions were Washed with water, dried over sodium sulfate, 
and evaporated to dryness. The residue, shown by its infrared spectrum 
(determined with Perkin-Elmer model No, 21 spectrometer) to be testos- 
terone, Was estimated by ultraviolet spectrometry to Comprise not more 
than 3 per cent of the weight of the conjugate. 

(b) A sample of 24 mg. of T-17-BSA was continuously extracted with 
chloroform for 18 hours. The extract was filtered and evaporated to 
dryness. The amount of extracted testosterone determined spectrophoto- 
metrically was found to be 0.4 mg., or 2 per cent of the weight of the 
conjugate. 
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(c) Asample of 7 mg. of T-17-BSA was suspended in 6 ml. of water and 
extracted in a separatory funnel with three 20 ml. portions of ether. The 
combined extracts were dried over sodium sulfate and evaporated to dry- 
ness. ‘The amount of extracted testosterone determined spectrophoto- 
metrically was found to be 0.27 mg., or 4 per cent of the weight of the 
conjugate. 

Since the foregoing experiments revealed the presence of unbound 
testosterone in T-17-BSA to the extent of 2 to 4 per cent, the following 
method was employed to remove this contaminant from the bulk of the 
conjugate: 450 ml. of ice-cold acetone were added gradually to a cooled, 
stirred solution of 800 mg. of T-17-BSA in 75 ml. of 1 per cent sodium 
bicarbonate. The resulting precipitate was collected by centrifugation. 
This treatment was repeated twice. After the third precipitation the 
solid was dissolved in 1 per cent NaHCOs, dialyzed against running water, 
and lyophilized. ‘The three acetone-containing supernatant liquids were 
evaporated to dryness, and the residues dissolved in ethanol, and examined 
spectrophotometrically for testosterone. The supernatant liquid from 
the first precipitation was found to contain 30 mg. of testosterone and that 
from the second precipitation 2 mg., the total being equivalent to 4 per cent 
of the weight of the conjugate. The supernatant liquid from the third 
precipitation contained no detectable testosterone. The product after 
acetone treatment was more difficultly soluble than the original conjugate 
in aqueous solvents. 

T-3-BSA : Testosterone 3-(O-Carboxymethyl) oxime—A solution of 0.98 gm. 
(3.4 mmoles) of testosterone and 1.07 gm. (8.4 mmoles) of (O-carboxy- 
methyl) hydroxylamine (10) in 200 ml. of ethanol was made alkaline by 
the addition of 20 ml. of 5 per cent NaOH and heated at a reflux for 1.5 
hours. The solution was reduced to a small volume, diluted with water, 
and extracted with ether. The alkaline aqueous phase was acidified with 
concentrated hydrochloric acid. The resulting precipitate was extracted 


‘with ether, and the ether extract washed with water, dried over sodium sul- 


fate, and evaporated to dryness. The crude product weighed 0.84 gm. 
(68 per cent), m.p. 167—-185°. Three recrystallizations from benzene- 
ligroin yielded 0.27 gm., m.p. 179-181°; [a] 2? +143.8° + 2° (19.5 mg. in 
1.5 ml. of ethanol); +140.2° + 2° (26.2 mg. in 5.0 ml. of 0.05 m Tris buffer, 
pH 8.5). The ultraviolet spectrum of the solution in 0.05 m Tris buffer 
(pH 8.5) showed a maximum at 251 to 252 muy (e 15,360). The infrared 
spectrum (Nujol) showed a band at 1730 cm.—! (C=O of carboxyl) and no 
absorption in the region 1670 to 1640 em.~! (conjugated C=O). Calcu- 
lated (C2;H3,04N). Neutral equivalent 361; C, 69.81; H, 8.59; N, 3.87; 
found, neutral equivalent 368; C, 69.72; H, 8.68; N, 3.92. 

Preparation of Conjugates—1.1 gm. (3.05 mmoles) of testosterone 3-(O- 
carboxymethyl) oxime and 0.75 ml. (0.60 gm., 3.05 mmoles) of tri-n-butyl- 
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amine were dissolved in 30 ml. of dioxane and, after the solution was cooled 
to 10°, 0.40 ml. (0.45 gm., 3.05 mmoles) of isobutyl chlorocarbonate was 
added. The reaction was allowed to proceed for 20 minutes at 4°, after 
which the mixture was added in one portion to a well stirred, cooled solu- 
tion of 4.2 gm. (0.06 mmole) of BSA in 220 ml. of 1:1 water-dioxane and 
4.2 ml. of Nn NaOH. Gas evolution was apparent and after 1 hour an 
additional 2 ml. of Nn NaOH were added. Stirring and cooling were con- 
tinued for a total of 4 hours. The solution was dialyzed against running 
water for 18 hours and brought to pH 4.5 with n HCl. The product 
precipitated and, after storage in the cold for 4 days, was collected by 
centrifugation. It was suspended in 100 ml. of water and was redissolved 
by adding a minimal quantity of NaHCO,;. The clear solution was 
lyophilized, yielding 4.1 gm. of conjugate, [a]?? —14.3° + 2° (25.5 mg. in 
5.0 ml. of 0.05 m Tris buffer, pH 8.5). Calculated (T-3-BSA) (assumed 
molecular weight 80,350; thirty of 60 NHe groups substituted). NH2-N, 
0.52; total N, 14.52; ratio? of NH»-N to total N, 0.036; found, NH.-N, 
0.45; total N, 12.56; moisture 9.0; ratio of NH2-N to total N, 0.036. 

Dialysis and extraction experiments showed that the amount of unbound 
steroid in this preparation was insignificant. 

C-21-BSA—0.69 gm. (1.5 mmoles) of cortisone 21-hemisuccinate’ in 15 
mi. of dioxane, 0.35 ml. (0.28 gm., 1.5 mmoles) of tri-n-butylamine, and 
0.19 ml. (0.21 gm., 1.5 mmoles) of isobutyl chlorocarbonate were allowed 
to react to form the mixed anhydride as described for T-3-BSA. The 
mixture was added in one portion to a stirred, cooled solution of 2.5 gm. 
(0.03 mmole) of BSA in 130 ml. of 1:1 water-dioxane and 2.5 ml. of N 
NaOH. The addition was followed by the appearance of slight turbidity 
and gas evolution. The pH fell to 7.5 and the solution became clear. 
After 1 hour another 1 ml. of N NaOH was added, the pH rising to 8.5. 
Stirring and cooling were continued for a total of 4 hours. The solution 
was dialyzed overnight against running water and was brought to a pH of 
4.5 with Nn HCl. The resulting precipitate was stored in the cold overnight 
and then was collected by centrifugation. It was redissolved by bringing 
the pH to 5.5 with NaHCQOs, and the solution was dialyzed against running 
water for 4 hours. Lyophilization gave 1.6 gm. of conjugate, [a]?? —21.6° 
+ 2° (26.3 mg. in 5.0 ml. of 0.05 m Tris buffer, pH 8.5). Calculated 
(C-21-BSA) (assumed molecular weight 81,490; twenty-six of 60 NH: 
groups substituted). NH»-N, 0.58; total N, 13.79; ratio? of NH»2-N to 
total N, 0.042; found, NH:2-N, 0.56; total N, 13.32; moisture, 9.0; ratio of 
NH,2-N to total N, 0.042. 

Dialysis and extraction experiments showed that the amount of unbound 


4 We wish to thank Merck and Company, Inc., for a generous supply of this com- 
pound. 
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steroid was equivalent to 2 to 3 per cent of the weight of the conjugate. 
The infrared spectrum of the residue obtained by evaporation of the 
dialysate corresponded to that of a mixture of cortisone and its 21-hemisuc- 
cinate. 

A solution of 370 mg. of C-21-BSA in 60 ml. of 1 per cent NaHCO; was 
subjected to treatment with acetone, according to the procedure described 
for T-17-BSA._ The first extract contained 8 mg. of steroid, and the second 
and third 1 mg. each. The total amount of steroid extracted was equiva- 
lent to 2.5 per cent of the weight of the conjugate. Similarly, as in the 
case of T-17-BSA, the acetone treatment decreased the solubility of C-21- 
BSA. 

The BSA used for dinitrophenylation, electrophoresis, and ultraviolet 
spectroscopy was first subjected to experimental conditions similar to those 
under which the conjugates were prepared. In this way any effects due 
to alteration of the protein by solvents or other physical factors would be 
accounted for. The solubility of the treated BSA, as well as its electro- 
phoretic mobility and serological properties, was identical with those of the 
original BSA. 


Characterization of Steroid-Protein Conjugates 


Ultraviolet Spectra—Fig. 3 shows the ultraviolet spectra of the three 
conjugates and the corresponding steroid derivatives,’ each accompanied 
by a spectrum of BSA. Testosterone 17-hemisuccinate* exhibited an 
absorption maximum at 248 my in Tris buffer, and its molar extinction 
coefficient is 15,650 at this wave length. The absorbance of the steroid 
moiety of the T-17-BSA was determined by subtracting the absorption 
curve of BSA from that of T-17-BSA and was found to be maximal at 
241 to 242 mu. Ina similar way the steroid contributions to the spectra 
of T-3-BSA and C-21-BSA were derived and were maximal at 252 and 244 
mu, respectively. 

The absorption curves were used to calculate the number of steroid 
residues in the conjugates (Table I). For these calculations the assump- 
tion was made that the extinction coefficients of the conjugated steroids 
are similar to those of the steroid derivatives from which they were pre- 
pared. A sample calculation follows: The optical density of T-17-BSA 
at 242 my at a concentration of 45 mg. per liter is 0.288. The absorbance 
of BSA at the same concentration and wave length is 0.047; the difference 
attributed to testosterone 17-oxycarbonyl residues, therefore, is 0.241. 
Hence, the concentration of steroid residues is 0.241/15,650 liters per mole = 
1.54 X 10° mole per liter. Since the residue weight of testosterone 17- 


5 Testosterone 17-hemisuccinate was substituted for testosterone 17-chlorocar- 
bonate because of its greater solubility in water. 
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oxycarbonyl is 315 gm. per mole, its concentration is 1.54 X 10° mole 
per liter X 315 gm. per mole, or 4.9 mg. per liter. By subtracting the 
concentration of the steroid residues from that of T-17-BSA, the concen- 
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Fic. 3. Ultraviolet spectra of conjugates and related substances in 0.05 m Tris 
buffer, pH 8.4. The curves composed of broken lines represent values obtained by 
subtracting the absorption of BSA from that of the conjugates. Concentration of 
BSA and conjugates = 6 x1 107% M; Other derivatives = 3.5 K 10-5 mM. Abbrevia- 
tions: T-17-HS = testosterone 17-hemisuccinate; T-3-CMO =_ testosterone 3- 


(O-carboxymethyl)oxime; C‘!21-HS = cortisone 21-hemisuccinate. 


TABLE I 
Number of Steroid Residues per Molecule of Conjugate 
Conjugate | Ratio, Ultraviolet spectra Dinitrophenylation* 
| 27 27 | 36 
30 | 41 | 36 
26 | 22 | 34 


* These figures are mean values of at least four determinations. 


tration of the BSA constituent is obtained (40.1 mg. per liter). If the 
molecular weight of BSA is assumed to be 70,000 (13), the number of 
moles per liter of BSA in the sample is 40.1 & 107° gm. per liter divided 
by 70,000 gm. per mole = 5.73 X 10‘. 
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Therefore, the number of moles of testosterone per mole of BSA) = 
154 X 10 °/5.73 10° = 26.9. 

Analogous calculations provided the values for the other conjugates 
listed in Table I.6 

Determination of Number of Steroid Residues by Dinitrophenylation— The 
experimental conditions of the coupling reactions between the steroid 
derivatives and BSA were chosen to favor the formation of amide linkages 
with the free amino groups of BSA. The reaction medium was maintained 
at an alkaline pH and the ratio of reactants was such that an excess of 
amino groups existed throughout the coupling. These conditions should 
deter the formation of ester bonds between the steroid coupling agents 
and the phenolic or hydroxyl groups of BSA. BSA contains 59 lysine 
residues (13) and one N-terminal amino acid (15-17). There are, there- 
fore, 60 free amino groups available for attachment to the steroid reactants. 
If the number of free amino groups in the conjugates is compared to the 
number in BSA, the extent of steroid substitution in the conjugates can 
be estimated. This figure would be a minimal value since it would not 
include substitutions that, despite the precautions, might have taken 
place on sites other than the amino groups. 

In order to make this estimate, the conjugates and BSA were dinitro- 
phenvlated by the method of Sanger (18) and were hydrolyzed, and the 
amount of «-DNP lysine was estimated spectrophotometrically. No 
attempt was made to determine whether attachment to the terminal 
amino group occurred, since the error introduced by this simplification of 
the procedure is 1 part in 60, or less than 2 per cent. The dinitrophenyl- 
ated proteins (about 10 mg.) were hydrolyzed in a sealed tube in 6 x HCI 
(1 ml.) at 110° for 24 hours. The hydrolysates were extracted five times 
with 3 ml. portions of ether, and the aqueous laver was brought to a 50 
ml. volume with N HCl and estimated as e~-DNP lysine spectrophotometri- 
cally at 390 my (19). It has been shown (20) that «-DNP lysine can be 
estimated directly under these conditions. Corrections were made for the 
destruction of «€DNP lysine during hydrolysis. The following is a sample 
calculation as applied to an hydrolysate of DNP T-17-BSA: The corrected 
value for the number of moles of «DNP lysine in 9.20 mg. of the DNP 
T-17-BSA is determined as 2.71 X 10°. Since the residue weight of 
dinitrophenyl is 167, there are 167 X 2.71 X 10°, or O46 mg., of these 
residues in 9.20 mg. of T-17-BSA. Hence, the weight of the conjugate 
is 9.20 — 0.46, or 8.74 mg. Assuming a molecular weight of 80,000 for 
T-17-BSA (approximated from ultraviolet spectral data), the number of 
moles of conjugates is 1.09 X 107°. Therefore the number of moles of 


6 The molar extinction coefficient of cortisone 21-hemisueccinate (Aywax 247.5 my) 
is 16,400. 
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dinitropheny! residues per mole of ‘T-17-BSA is 2.71 & 10-6 1.09 = 


25. 


The BSA control run with this sample was found to contain 61 «amino 


Protein 


*u = 0.1. 


Fie. 4. Top, T-17-BSA_ (right) and BSA at pH 7.4. 


TABLE I] 


Electrophoretic Mobilities of Conjugates 


Mobility & 105, 
pH 


= = 0.2 


cm.? volt”) sec.) 


3.05 
4.60 


Mobility 105, 
pH = 7.4, 4 = 0.2 
cm.? volt” sec. 

4.85 
7 .66* 
7.36 
7 


M/15 phosphate buffer, 


1920 seconds (ascending). Bottom, C-21-BSA (right) and BSA at pH 7.4, M/15 
phosphate buffer, 2820 seconds (ascending). 


groups. 


The number of blocked «amino groups in T-17-BSA is therefore 


61 — 25 = 36 and represents the extent of substitution by steroid residues. 

Similar calculations were carried out with the hydrolysates of DNP 
The DNP derivatives of T-17-BSA and 
('-21-BSA were prepared from the conjugates before as well as after acetone 
treatment, the latter procedure being found to have no influence on the 


T-3-BSA and DNP C-21-BSA. 


results. 


Table I shows the number of steroid residues in each of the three 
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conjugates, each value being the mean of at least four dinitrophenylation 
experiments. 

Electrophoretic Mobilities—Table II lists the mobilities of BSA and the 
conjugates in 0.02 m phosphate buffer, pH 7.4, and 0.05 m acetate buffer, 
pH 5.5. As shown in Fig. 4, mixtures of either T-17-BSA or C-21-BSA 
with BSA were easily resolved electrophoretically. The conjugate T-3- 


TaBLeE III 


Comparison of Infrared Spectral Characteristics of Conjugates with Those 
of Related Steroids* 


Conjugates Related steroids 
bi T-17-BSA Testosterone 17-chlorocarbonate 
cm} cm} 
1018 Weak 1020 Weak 
944 ‘ 950, 942 Medium 
869 865, 875 
T-3-BSA Testosterone 3-(O-carboxymethyl])oxime 
1078 Medium 1083, 1072 Medium 
1027 Weak 1026 Strong 
870 880 
853 855 
841 833 
C-21-BSA Cortisone 21-hemisuccinate 
1135 Weak | 1135 Strong 
1048s | 1042 
1055 (Shoulder) | 1050 (Shoulder) 
925 Weak | 925 Strong 
| 868 Medium 


* These absorption bands are absent from the spectrum of BSA. 


wef 


BSA, because of its low solubility at pH 5.5, was investigated only at 
pH 7.4. At this pH its electrophoretic boundary was broad and low, and 
consequently its mobility could not be determined with accuracy. The 
electrophoretic mobilities of all three conjugates were similar at pH 7.4, 
being 1.5 times greater than that of BSA itself. At pH 5.5, the mobility 
| of C-21-BSA was 1.8 times greater than that of BSA, whereas the ratios 
of the mobilities of T-17-BSA and BSA at this pH and at pH 7.4 were the 
same. The mobilities of the three conjugates were unaffected by acetone 
treatment. 

Calculation of the number of steroid moieties per mole of conjugate 


| 
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from the electrophoretic mobilities (with a value of 0.2 X 10-5 mobility 
unit per charge (21)) gave results considerably lower than those obtained 
from the ultraviolet spectra and dinitrophenylation. Such calculations, 
however, are not reliable since they rest upon the assumption that the 
frictional properties of the conjugates are the same as those of BSA. 
Saroff et al. (22), working with methylated BSA, observed the same dis- 
crepancy and as a result of ultracentrifugal studies suggested that this 
conjugate possessed different frictional properties from those of BSA. 
It might be expected that such differences would be magnified in the steroid 
conjugates as a result of the greater complexity of the addition products. 

Infrared Spectra—The infrared spectra of the free conjugates, determined 
as mulls in Nujol, provided an additional means of qualitative characteri- 
zation. Since the absorption band corresponding to the stretching fre- 
quencies of the A‘-3-keto group of the steroid moieties occurs at the same 
wave length as the strong peptide absorption of the protein, characteristic 
bands could be determined only in the fingerprint region of the spectrum. 

Table IIT lists the frequencies of the absorption bands present in the 
spectra of the conjugates and absent from the spectra of BSA. Given 
also for comparison are the frequencies of the absorption bands of the 
related steroid derivatives. 


DISCUSSION 


The determination of the number of steroid residues by hydrolytic 
procedures, both acidic and alkaline, was deemed impractical because 
control experiments had demonstrated that at most 50 per cent of the 
steroids could be recovered after being heated with acid or alkali in the 
presence of protein. As a result the indirect methods described above 
were utilized. 3 

The data presented in Tables I and II are consistent for conjugates 
composed of steroid residues covalently linked to bovine serum albumin. 
In addition, the data show that each molecule of conjugate contains at 
least twenty-two steroid moieties. Because of uncertainties inherent in 
the available analytical methods, the exact number of residues cannot. be 
determined. For example, the accuracy of the ratio of amino to total 
nitrogen depends upon the determination of a small quantity of amino 
nitrogen. An error in this determination may be magnified in the ratio 
and may in extreme cases be as high as 15 per cent. 

The estimates based upon ultraviolet spectroscopy may be too low 
because the calculations depend upon an assumption which may not be 
completely valid, 7.c. that the extinction coefficient of the combined steroid 
moieties is the same as that of the simple steroid derivatives in aqueous 
buffer solution. The nature of the curves in Fig. 3 indicates that this 
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assumption may not be true. The curve representing the contribution 
of the steroid residues in ‘T-17-BSA has a maximum at a lower wave length 
than that of testosterone 17-succinate. This hypochromic shift resembles 
the findings of Westphal (23), who noted a similar effect in protein solu- 
tions of steroids. His data also show an accompanying decrease (about 
10 per cent) of extinction coefficients. If the spectral shift observed with 
steroid-protein conjugates is accompanied by an analogous diminution of 
absorbance, then the number of steroid residues would be underestimated. 
It is interesting to note that the spectral shift occurs with T-17-BSA and 
C-21-BSA but not with T-38-BSA. In the latter the chromophoric a,{- 
unsaturated group is covalently linked to the point of attachment to BSA 
and is not free to associate with other parts of the protein molecules as 
it may in the two other conjugates. ‘The spectral shift, therefore, may be 
the result of a non-covalent interaction (probably hydrogen bonding) 
between the a,8-unsaturated system and bovine serum albumin, and thus 
similar in nature to the observations of Westphal. 

The calculations resulting from the dinitrophenylation technique have 
two potential sources of error, neither affecting the results by more than 
10 per cent. First of all, no correction has been made for the possibility 
that substitution may occur on sites other than the e-amino groups. In 
order to evaluate this possibility, T-17-BSA was examined for O-tyrosy]l 
substitution by the method of Herriot (24). A maximum of two steroid 
moieties was found to be combined in this manner. It is probable that 
the extent of O-tyrosyl substitution in the other conjugates is just as low 
or even negligible, since they were prepared by the mixed anhydride 
procedure, a method which has been shown (25) to produce tyrosine 
peptides without concomitant O substitution. 

Incomplete dinitrophenylation due to steric interference by steroid 
residues on neighboring amino groups may introduce another error in the 
estimation of the number of steroid residues by this technique. Since this 
possibility has not been examined before, it cannot be evaluated, but it is 
probable that no more than a few lysine residues could be affected in this 
manner. 

Despite the uncertainties mentioned above, there is little doubt that the 
conjugates contain between twenty-two and thirty-five steroid moieties 
per molecule of BSA. The immunochemical specificity observed with 
these conjugates provides further substantiation for a high steroid content. 

The electrophoretic patterns indicate that T-17-BSA and C-21-BSA are 
remarkably homogeneous and therefore that the extent of substitution may 
fall within a very narrow range. The crystallizability of T-17-BSA sup- 
ports this contention. The relative mobilities of the conjugates and BSA 
demonstrate that the latter is more positively charged, as would be expected 
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from the electrophoretic mobilities (with a value of 0.2 & 10~° mobility 
unit per charge (21)) gave results considerably lower than those obtained 
from the ultraviolet spectra and dinitrophenylation. Such calculations, 
however, are not reliable since they rest upon the assumption that the 
frictional properties of the conjugates are the same as those of BSA. 
Saroff et al. (22), working with methylated BSA, observed the same dis- 
crepancy and as a result of ultracentrifugal studies suggested that this 
conjugate possessed different frictional properties from those of BSA. 
It might be expected that such differences would be magnified in the steroid 
conjugates as a result of the greater complexity of the addition products. 

Infrared Spectra—The infrared spectra of the free conjugates, determined 
as mulls in Nujol, provided an additional means of qualitative characteri- 
zation. Since the absorption band corresponding to the stretching fre- 
quencies of the A‘-3-keto group of the steroid moieties occurs at the same 
wave length as the strong peptide absorption of the protein, characteristic 
bands could be determined only in the fingerprint region of the spectrum. 

Table IIT lists the frequencies of the absorption bands present in the 
spectra of the conjugates and absent from the spectra of BSA. Given 
also for comparison are the frequencies of the absorption bands of the 
related steroid derivatives. 


DISCUSSION 


The determination of the number of steroid residues by hydrolytic 
procedures, both acidic and alkaline, was deemed impractical because 
control experiments had demonstrated that at most 50 per cent of the 
steroids could be recovered after being heated with acid or alkali in the 
presence of protein. As a result the indirect methods described above 
were utilized. 

The data presented in Tables I and II are consistent for conjugates 
composed of steroid residues covalently linked to bovine serum albumin. 
In addition, the data show that each molecule of conjugate contains at 
least twenty-two steroid moieties. Because of uncertainties inherent in 
the available analytical methods, the exact number of residues cannot. be 
determined. For example, the accuracy of the ratio of amino to total 
nitrogen depends upon the determination of a small quantity of amino 
nitrogen. An error in this determination may be magnified in the ratio 
and may in extreme cases be as high as 15 per cent. 

The estimates based upon ultraviolet spectroscopy may be too low 
because the calculations depend upon an assumption which may not be 
completely valid, 7.c. that the extinction coefficient of the combined steroid 
moieties is the same as that of the simple steroid derivatives in aqueous 
buffer solution. The nature of the curves in Fig. 3 indicates that this 
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assumption may not be true. The curve representing the contribution 
of the steroid residues in ‘T-17-BSA has a maximum at a lower wave length 
than that of testosterone 17-succinate. This hypochromic shift resembles 
the findings of Westphal (23), who noted a similar effect in protein solu- 
tions of steroids. His data also show an accompanying decrease (about 
10 per cent) of extinction coefficients. If the spectral shift observed with 
steroid-protein conjugates is accompanied by an analogous diminution of 
absorbance, then the number of steroid residues would be underestimated. 
It is interesting to note that the spectral shift occurs with T-17-BSA and 
C-21-BSA but not with T-3-BSA. In the latter the chromophoric a,{- 
unsaturated group is covalently linked to the point of attachment to BSA 
and is not free to associate with other parts of the protein molecules as 
it may in the two other conjugates. ‘The spectral shift, therefore, may be 
the result of a non-covalent interaction (probably hydrogen bonding) 
between the a,6-unsaturated system and bovine serum albumin, and thus 
similar in nature to the observations of Westphal. 

The calculations resulting from the dinitrophenylation technique have 
two potential sources of error, neither affecting the results by more than 
10 per cent. First of all, no correction has been made for the possibility 
that substitution may occur on sites other than the e-amino groups. In 
order to evaluate this possibility, T-17-BSA was examined for O-tyrosyl 
substitution by the method of Herriot (24). A maximum of two steroid 
moieties was found to be combined in this manner. It is probable that 
the extent of O-tyrosyl substitution in the other conjugates is just as low 
or even negligible, since they were prepared by the mixed anhydride 
procedure, a method which has been shown (25) to produce tyrosine 
peptides without concomitant O substitution. 

Incomplete dinitrophenylation due to steric interference by steroid 
residues on neighboring amino groups may introduce another error in the 
estimation of the number of steroid residues by this technique. Since this 
possibility has not been examined before, it cannot be evaluated, but it is 
probable that no more than a few lysine residues could be affected in this 
manner. 

Despite the uncertainties mentioned above, there is little doubt that the 
conjugates contain between twenty-two and thirty-five steroid moieties 
per molecule of BSA. The immunochemical specificity observed with 
these conjugates provides further substantiation for a high steroid content. 

The electrophoretic patterns indicate that T-17-BSA and C-21-BSA are 
remarkably homogeneous and therefore that the extent of substitution may 
fall within a very narrow range. The crystallizability of T-17-BSA sup- 
ports this contention. The relative mobilities of the conjugates and BSA 
demonstrate that the latter is more positively charged, as would be expected 
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if the steroid residues were linked by amide bonds to the e-amino groups of 
BSA. 

The decreased solubility of the conjugates after acetone treatment may 
be due to a process of dehydration caused by the removal of hydrogen- 
bonded water molecules. In support of this conclusion is the observation 
that a sample of acetone-treated material doubled its weight upon exposure 
to air for several months. Drying in vacuo at 78° over P2Os; for 4 hours 
removed the absorbed moisture. As noted above, the acetone-treated 
materials were similar to the original conjugates in all other respects. 

It is evident from Table III that many of the infrared absorption bands 
which characterize the simple related steroid derivatives in the fingerprint 
region are also present in the spectra of the steroid-protein conjugates 
themselves. Thus certain vibrational frequencies of the steroid molecules 
remain almost unchanged, even when these compounds are associated 
with bovine serum albumin. On the other hand, the absorption bands 
in the spectra of the steroids are considerably more intense and are better 
resolved than the corresponding bands in the spectra of the conjugates, as 
might be expected from a consideration of the relative dimensions of the 
molecules involved. 

The preparation of antigenic steroid-protein molecules makes possible a 
rational approach to the development and study of antihormonal principles. 
The availability of these compounds may provide a means for the investi- 
gation of the mechanism of action and of transport of the steroid hormones, 
as well as a practical tool for counteracting their biological effects. With 
these objectives in mind, the synthesis and study of steroid hormone- 
protein conjugates other than those described here are in progress. 


SUMMARY 


In an attempt to produce substances which could elicit antibodies with 
antihormonal properties, derivatives of the steroids, testosterone and 
cortisone, were linked by amide bonds to bovine serum albumin. The 
preparation of two conjugates of testosterone, one linked through C3; and 
the other through Cy, and one of cortisone joined through C.;, are de- 
scribed. 

These conjugates have been analyzed and characterized by their ultra- 
violet and infrared spectra, electrophoretic behavior, and by dinitrophenyl- 
ation studies. By means of these techniques it has been estimated that 
at least 20 steroid residues have been covalently linked to each molecule of 
bovine serum albumin. These compounds have been found to be antigenic 
in rabbits. A description of these immunochemical experiments will be 
published shortly. 
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THE SYNTHESIS OF CHITIN IN CELL-FREE EXTRACTS 
OF NEUROSPORA CRASSA* 
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(From the Department of Biological Chemistry, Washington University School of 
Medicine, St. Louis, Missourz) 
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Since the discovery by Leloir and coworkers of uridine diphosphate glucose 
as the coenzyme in the “‘galacto-waldenase”’ reaction (2), nucleotide-linked 
sugars have been shown to act as glycosyl donors in the synthesis of tre- 
halose (3), sucrose (4), glucuronides (5), various disaccharides (6), and hy- 
aluronic acid (7). In the present communication, evidence will be pre- 
sented that uridine diphosphate-N-acetylglucosamine! acts as a glycosyl 
donor in the synthesis of chitin by a cell-free preparation from Neurospora 
crassa. Leloir and Cardini first suggested that UDPAG might be involved 
in chitin biosynthesis (8). 


EXPERIMENTAL 


Materials and Methods 


UDP, UTP, and UDPAG were obtained from the Sigma Chemical Com- 
pany. C'#-AG-6-P and C4¥-UDPAG, labeled in the acetyl group, were pre- 
pared as previously described (7).2 Except as otherwise indicated, the 
UDPAG used was labeled with C™ in the acetyl group. C%-UDPAG 
labeled in the glucosamine moiety was prepared from uniformly labeled 
C'4-glucose 6-phosphate as follows. 

C'4-Glucosamine 6-phosphate was prepared by using a partially purified 
enzyme from guinea pig liver* which catalyzes the formation of glucosamine 
6-phosphate from glucose 6-phosphate or fructose 6-phosphate and L-glu- 
tamine. The action of this enzyme is similar to that of an enzyme origi- 


* This work, on which a preliminary report has been published (1), has been sup- 
ported in part by a grant from the Nutrition Foundation, Inec., and in part by a grant 
(No. RG-4761) from the National Institutes of Health, United States Public Health 
Service. 

1! The following abbreviations are used: N-acetylglucosamine, AG; N-acetylglu- 
cosamine 1-phosphate, AG-1-P; N-acetylglucosamine 6-phosphate, AG-6-P; uridine 
diphosphate-N -acetylglucosamine, UDPAG; uridine triphosphate, UTP; uridine di- 
phosphate, UDP; uridine-5’-monophosphate, UMP; ethylenediaminetetraacetic acid, 
EDTA; tris(hydroxymethyl)aminomethane, Tris. 

? Isotopes obtained on allocation from the Atomic Knergy Commission. 

3 Glaser, L., and Brown, D. H., unpublished procedure. A similar enzyme has 
been described by Pogell (9). 

729 


730 SYNTHESIS OF CHITIN 


nally described in Neurospora by Leloir and Cardini (8). A typical reaction 
mixture contained 300 uwmoles of glycerophosphate, 300 uwmoles of MgCl, 
12 mg. of glutathione, 44.5 wmoles of C'*-glucose 6-phosphate, 660 umoles 
of L-glutamine, and 530 mg. of protein with a specific activity in syn- 
thesizing glucosamine 6-phosphate of 0.001 umole per mg. per minute, in 
a total volume of 23 ml., pH 7.0. The solution was incubated for 1 hour 
at 37°. 14 uwmoles of glucosamine 6-phosphate (10) were added as carrier, 
the solution was deproteinized with HC1O,, and the perchloric ion removed 
as KCIO, in the cold. The solution was chromatographed on Dowex 50 
(11) in order to separate glucosamine 6-phosphate from other hexose phos- 
phates. The C'-glucosamine 6-phosphate was rechromatographed on 
Dowex 50, and sugar-labeled C'-AG-6-P and C4¥-UDPAG were prepared 
from the pure glucosamine 6-phosphate as previously described (7, 12). 

Soluble chitodextrins were prepared by the procedure of Zechmeister 
and Toth (13) and correspond to Fractions I and II of these authors. 

A purified “chitinase” which acts upon soluble chitodextrins was pre- 
pared from commercial emulsin (14) by the following procedure. 

The assay mixture contained 2.5 mg. of a soluble, mixed chitodextrin 
fraction and 0.1 to 1.0 unit of enzyme in 0.5 ml. of 0.05 mM acetate buffer, 
pH 4.7. 1 unit refers to an amount of enzyme which liberates 1 umole of 
AG in 90 minutes at 37° in this reaction mixture. The reaction mixtures 
were deproteinized by being heated at 100° for 5 minutes, and the AG 
formed was determined in a suitable aliquot by the procedure of Reissig 
et al. (15). Protein was determined by the procedure of Lowry et al. (16). 
All the steps in the fractionation were carried out at 0° to 3°. 

3 gm. of emulsin (Nutritional Biochemicals Corporation) were dissolved 
in 300 ml. of 0.02 mM acetate-0.001 m EDTA buffer at pH 4.7 (3000 units, 
specific activity, 1.0 unit per mg.). The solution was fractionated with 
unneutralized (NH4)2SO,, saturated at 0°, and the fraction which precipi- 
tated between 44.5 and 61.5 per cent saturation (v/v) was dialyzed for 12 
hours against three 1 liter changes of the same buffer (specific activity, 
4.4 units per mg.). The solution was diluted to 200 ml. with buffer and 
MgCl. was added to bring its final concentration to 0.013 mM. The solution 
was fractionated at —6° by the addition of 95 per cent ethanol. The frac- 
tion which precipitated between 30 and 53 per cent ethanol (v/v) was dis- 
solved in 60 ml. of acetate buffer (2300 units, specific activity, 16 units per 
mg.) and then dialyzed for 8 to 12 hours against three 1 liter portions of the 
same buffer. 

9.2 ml. of Ca3(PO,4)2 gel (17) (19 mg. of dry weight per ml.) were added, 
and, after being stirred for 5 minutes at 0°, the gel was removed by cen- 
trifugation and discarded. The supernatant fluid was treated with an ad- 
ditional 31 ml. of gel which adsorbed the enzyme. The enzyme was eluted 


L. GLASER AND D. H. BROWN 731 


with two 20 ml. portions of 0.1 M phosphate buffer, pH 7.4. The first elu- 
ate had the highest specific activity (985 units, specific activity, 44 units 
per mg.). The solution was finally dialyzed against acetate buffer, pH 4.7, 
containing EDTA. The solution retained full activity even after being 
frozen for several months. 

Crystalline N,N’-diacetylchitobiose was prepared by the procedure of 
Zilliken et al. (18). 

N. crassa, wild strain Em 5297A, was grown under forced aeration in 
the Fries minimal medium (19). The mycelium was washed with dis- 
tilled water and stored frozen. 

Radioactivity was determined in a proportional, windowless, gas flow 
counter. No correction for self-absorption was made. All samples to be 
compared were counted with the same weight of material per planchet. 

All other compounds were commercial reagents of analytical grade pu- 
rity. 

Preparation of Chitin Synthetase—For preparation of the enzyme which 
catalyzed the synthesis of chitin, the mycelium was homogenized in 3 vol- 
umes of 0.05 m Tris-0.01 Mm MgCl.-0.001 m EDTA, pH 7.5, at 3° in a Ten- 
Broeck homogenizer. The extract was centrifuged at 2000 X g for 6 min- 
utes, the supernatant fluid then was centrifuged at 140,000 X g for 1 hour, 
and the pellet was resuspended in the same buffer with a TenBroeck ho- 
mogenizer and centrifuged again. The resulting pellet from 40 gm. of 
Neurospora was suspended in 12 ml. of the above buffer and kept frozen 
at — 20° for several weeks with no loss in activity. 

Chitin Synthesis from UDPAG—When a suspension of the high speed 
pellet from a Neurospora homogenate was incubated with radioactive 
UDPAG, labeled either in the glucosamine chain or in the acetyl group, 
an insoluble radioactive material was formed (Table 1). No such material 
was formed when AG, AG-1-P, or AG-6-P was incubated with the enzyme. 
All of this enzymatic activity appeared in the high speed pellet, and none 
was present in the supernatant fluid from the Neurospora homogenate. In 
the presence of excess UDPAG, the activity was proportional to enzyme 
concentration. Homogenates could also be prepared in 0.25 M sucrose- 
0.02 m Tris-0.001 m EDTA, pH 7.5. Cell debris was sedimented by cen- 
trifugation at 2000 X g for 10 minutes and discarded. <A fraction collected 
by centrifugation at 10,000 X g for 10 minutes and one obtained by cen- 
trifugation for 1 hour at 140,000 X g were assayed for activity. Only the 
high speed pellet was active. 

For routine assay, the reaction mixtures contained enzyme from 0.5 to 
2.0 gm. of Neurospora. The reaction was stopped by the addition of a 
0.25 volume of 3 N HC1O,, and the precipitate washed four times with 2 
ml. portions of 0.8 N HClO, and once with 2 ml. of water. This removed 
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all the radioactivity in control experiments. The precipitate was finely 
dispersed in 3 ml. of water and a suitable aliquot counted. The procedure 
was reproducible within 5 to 10 per cent in duplicate aliquots and dupli- 
cate reaction mixtures. 

In order to identify the insoluble radioactive material formed during 
incubation, the following experiments were carried out. 

The insoluble material from a large scale experiment similar to Experiment 
B in Table I, with enzyme from 15 gm. of Neurospora and C¥-UDPAG, 
was subjected to peptic digestion at pH 2 with 4 mg. of crystalline 


TABLE I 
Enzymatic Synthesis of Chitin from UDPAG 

The reaction mixtures of Experiments A and C contained 2 X 10°! mM Tris, 5 X 
10°? Mm MgCl., 5 EDTA, and 115 mg. of chitodextrins (Experiment A) or 8 
mg. of chitodextrins (Iixperiment C). In Experiment A, enzyme from 4.2 gm. of 
Neurospora; volume, 5.8 ml. In Experiment C, enzyme from 1.5 gm. of Neurospora; 
volume, 4.5 ml. In the mixture with added C!4-AG, 3.3 K 10-4 m UDPAG was pres- 
ent, pH 7.5, 25°. The reaction mixtures of Experiment B contained 4.3 K 107? M 
Tris, 8.6 X Mm MgCl., 2.6 m EDTA, 2.5 mg. of chitodextrins. Jenzyme 

from 2.5 gm. of Neurospora. Volume, 5.8 ml., pH 7.5, 25°. 


in 


M X 104 hrs. c.p.m. 

A UDPAG, (76,560 ¢.p.m.) 6.5 Acety!] 0 40) 

(76,560 ) 6.5 2.5 16,900 

B 2.4 2 2,063 

de (50,490 ‘ ) 3.3 Sugar 2 2,870 

AG-6-P, (165,480 “ ) 2.9 Acetyl 2 6 

AG-1-P + AG-6-P, (123,125 ¢.p.m.) 2.1 i 2 20 

C UDPAG, (27,040 c.p.m.) 2.9 = 2 1,200 
AG, (20,000 c.p.m.) 2 0 


pepsin, followed by tryptic digestion at pH 7 with 5 mg. of trypsin (tryp- 
sin, 1:300, Nutritional Biochemicals Corporation), each for 24 hours at 
25° under toluene. The insoluble residue was collected by centrifugation 
at 5000 X g for 10 minutes, dissolved in 6 ml. of a solution of HCI prepared 
by saturating water at 0° with the gas, and left in a closed flask at room 
temperature for 5 hours to effect partial hydrolysis. The HCl was removed 
by being repeatedly evaporated with water under reduced pressure. The 
final residue was suspended in 6 ml. of water and the insoluble material 
removed by centrifugation. The supernatant fluid was passed through a 
1 X 20 cm. column of the mixed bed resin, Amberlite MB-2, to remove all 
charged molecules, including any deacetylated oligosaccharides containing 
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hexosamine units. An aliquot of this solution was incubated at 37° with 
chitinase in 0.5 ml. of 0.05 mM acetate buffer, pH 4.7, for 48 hours under 
toluene. 5 units of chitinase were added initially and another 5 units after 
24 hours. <A control was incubated without chitinase. Carrier AG was 
added to each sample and the solutions chromatographed by descending 
paper chromatography on Whatman No. 1 paper, with n-butanol-pyridine- 
water (2:1.5:0.75) as the solvent (20). The AG was eluted and its C™ 
content determined (Table II). Essentially all of the radioactivity of the 
partial acid digest of the insoluble enzymatic product could be accounted 
for as AG after chitinase digestion. 

In another experiment, when a partial acid digest of the insoluble prod- 
uct from enzymatic incubation with C'-UDPAG was prepared as above 
(6 hours, 25°, with HCl saturated at 0°), and the digest then chromato- 
graphed in the butanol-pyridine-water solvent, a series of radioactive oligo- 


TABLE II 
Chitinase Digestion of Radioactive Chitodeztrins 
In the solution spotted, the total C' content was 256 c.p.m. in both samples and 
the content of carrier AG was 4.40 umoles. 


AG recovered in eluate after | C4-AG in solution 
Sample chromatography spotte 
pmoles C.p.m. c.p.m. 
Chitinase digest................ 3.92 204 | 229 


* CM_AG formed by partial acid hydrolysis of C'-chitin. 


saccharides could be eluted from the paper. These included AG and NV, N’- 
diacetylchitobiose (Fig. 1). The radioactive material in the region of the 
latter disaccharide was eluted with water and crystallized once with car- 
rier. The specific activity of the isolated crystals of N ,N’-diacetylchito- 
biose was 59.5 ¢.p.m. per mg. of dry weight and of the mother liquor after 
evaporation, 58.9 ¢.p.m. per mg. of dry weight. These data show that all 
of the radioactivity of the eluate was present as N , N’-diacetylchitobiose. 

When a sample of the insoluble material prepared enzymatically from 
glucosamine-labeled C'%-UDPAG, after proteolytic digestion, was acid- 
hydrolyzed (16 hours, 4 N HCl, 100°) in the presence of carrier D-glucosa- 
mine and p-galactosamine, and the amino sugars were separated by the 
procedure of Gardell (11), only the glucosamine was found to be radioac- 
tive. 

These data show that the product of the enzymatic reaction from UD- 
PAG is an N-acetylglucosamine polymer, which, after partial acid hy- 
drolysis, can be completely digested by chitinase to give N-acetylglucosa- 
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mine. Chitinase from emulsin is known to possess complete specificity 
for the hydrolysis of 6-N-acetylglucosaminides (22-24). These facts, to- 
gether with the isolation by partial acid hydrolysis of 15 per cent NV, N’- 
diacetylchitobiose from the enzymatically synthesized material (Fig. 1), 
indicate that the linkage between N-acetylglucosamine units in the original 
enzyme product is mainly 6-1,4. This is the structure of chitin. 

In addition to forming insoluble C'!-chitin, the enzyme preparation acted 
to synthesize soluble C'*-chitodextrins also. This could be shown as fol- 
lows: When the supernatant fluid from the deproteinized reaction mix- 


1000+— 

800} N,N-DIACETYL N-ACETYL 
= WLLL. 
oO CHITOBIOSE GLUCOSAMINE 
600} 
© 
_ 400} 
© 
200 
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DISTANCE FROM ORIGIN (CM) 


Fic. 1. Paper chromatogram of partial acid digest of C'-chitin. Details in the 
text. Crosshatched areas show the position of the known standards revealed by 
benzidine-trichloroacetic acid spray for reducing substances (21). 


tures, after removal of the HClO, with KOH, was deionized by passage 
through a 1 X& 20 cm. column of Amberlite MB-2 and subsequently ex- 
amined by chromatography in the butanol-pyridine-water solvent, most of 
the C'™ remained at the starting line. When the solution was first digested 
with chitinase, the C™ was found to be present as AG. 

Properties of Enzyme—The synthetic reaction proceeds best at pH 7.5 
at 27°. At pH 6.5 it has 69 per cent and at pH 8.3 52 per cent of the 
maximal activity. At an initial concentration of 2 K 10-7 m UDPAG, 
the rate of the reaction is linear during the first 2 hours of incubation. The 
reaction is strongly activated by the addition of AG, although the data of 
Tables I and IV show that free AG is not actually incorporated into the 
polymer. Fig. 2 illustrates the activating effect of AG. Half maximal 


L. GLASER AND D. H. BROWN 735 


activation is obtained at 4.5 &K 10°? mM AG. The effect of AG on the K,, 
for UDPAG is illustrated in Fig. 3. The K,, in the absence of AG is 
1.43 X 10-3 m whereas in the presence of AG it is 2.138 X 107-* M; this dif- 
ference is probably not significant. The V4. under these conditions has 
changed from 0.49 umole to 2.8 uwmoles of added AG in chitin in 2 hours. 

No activation of the synthetic reaction was observed when N-acetyl- 
galactosamine* at 9.6 X 10-4 M was substituted for AG in a reaction mix- 
ture such as that of Fig. 2. p-Glucosamine and p-glucose appeared to have 
small stimulatory effects. 

Primer Effect—The enzyme activity was found to be increased by the 
addition of soluble chitodextrins (Fig. 4). Chitodextrin fractions which 


IN CHITIN AS CPM} x 104 


1/A (A=[AMOLES AG/ML) 
Fic. 2. The activation by V-acetylglucosamine of chitin formation by particulate 
enzyme. The reaction mixtures contained 3.3 10°72 Tris, 6.7 K Mm MgCls, 
6.7 X EDTA, 3.8 107-1 Mm C4-UDPAG (32,000 ¢.p.m.), and AG as indicated. 
Enzyme from 1 gm. of Neurospora. Volume, 2.1 ml., 2 hours, pH 7.5, 25°. 


can be precipitated at low alcohol concentration and have a higher average 
molecular weight show the highest activity per unit weight. The effects 
of AG addition and of chitodextrin addition are not identical, since they 
are additive even at saturating concentrations of AG (Table III). Experi- 
ments described below show that the soluble chitodextrins act as primer 
for the reaction. The enzyme preparation itself probably contains chitin, 
in view of its high hexosamine content, but this quantity may be enough to 
saturate the enzyme only partially. As is discussed below, a particle-free 
enzyme has an absolute primer requirement. To show that the soluble 
chitodextrins are incorporated in the insoluble product, a radioactive mixed 
chitodextrin fraction similar to the digest of Fig. 1 was incubated with the 
enzyme. The data of Table IV show that there was a conversion of the 


4 We are grateful to Dr. W. T. J. Morgan for a gift of authentic N-acetylgalactosa- 
mine. 
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0 0.5 1.0 5 2.0 2.5 3.0 
1/S (S=MOLES UDPAG/LITER) 

Fic. 3. Synthesis of chitin by particulate enzyme at various UDPAG concentra- 
tions. The reaction mixtures contained 2.2 X 10-2 m Tris, 4.3 K 1073 MgClo,,4.3 X 
10-*m EDTA, C'*-UDPAG (11,000 ¢.p.m. per umole) at the concentrations inditated. 
Iinzyme from 1 gm. of Neurospora. Volume, 2.3 ml., 2 hours, pH 7.5, 25°. @, no 
added AG; O, 8.7 XK 10-3 m AG. 


(V=LIMOLES AG INCORPORATED INTO CHITIN / 2 HRS.) 


5000; 
4000; 


3000; 


2000; 


C'4 IN INSOLUBLE CHITIN (CPM) 


0 | 2 3 4 5 6 

CHITODEXTRIN FRACTION ADDED (MG./ML.) 

Fic. 4. The stimulation of chitin formation by a soluble chitodextrin fraction. 
The reaction mixtures contained 2.4 10-2 m Tris, 4.8 107-3 MgClo, 4.8 107-4 M 
EDTA, 3.8 X 10-4? mM C4-UDPAG (32,000 c.p.m.), and chitodextrin fraction as indi- 
cated. Enzyme from 1 gm. of Neurospora. Volume, 2.1 ml., 2 hours, pH 7.5, 25°. 
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labeled soluble primer to labeled insoluble chitin only in the presence of 
UDPAG. The small incorporation observed is partly due to dilution of 
the radioactive chitodextrins by endogenous primer. It is also likely that 
only a small fraction of the total radioactive chitodextrins added has the 
appropriate molecular weight to act well as a primer. 


TaBLeE III 
Stimulation of Chitin Synthesis by Chitodeztrins 
The reaction mixtures contained 2.8 K 10-2 mM Tris, 5.5 X 10°? mM MgC lo, 5.5 & 1074 
EDTA, 4.4 107-4 mM (25,200 ¢.p.m.), AG, and chitodextrins as indi- 
cated. Knzyme from 1 gm. of Neurospora. Volume, 1.8 ml., 2 hours, pH 7.5, 25°. 


Chitin, c.p.m. 


AG concentration 


No chitodextrins 
(a) 


5 mg. chitodextrins 
(b) 


M 
2.8 X 1073 2145 4,690 2.18 
1.1 XK 10°? 4250 11,600 2.73 
TABLE IV 


Conversion of Soluble Chitodeztrins into Insoluble Chitin 
The reaction mixture of ixperiments A and B contained Tris, MgCl2, and EDTA 
(Table III), 7.7 * 10-* m AG, soluble C'!*-chitodextrins (2540 ¢.p.m.), and, where 
indicated, 1.6 X 10°? m UDPAG. Enzyme from 1.5 gm. of Neurospora. Volume, 


1.3 ml., 2 hours, pH 7.5, 25°. 


The reaction mixture of Experiment C was similar 


except that it contained 5.5 X 10-4 m UDPAG where indicated, and soluble C'- 


chitodextrins (1084 ¢.p.m.). 


used in Experiments A, B, and C. 


Volume, 3.8 ml. 


Different enzyme preparations were 


Experiment No. 


C4 jn insoluble chitin (c.p.m.) 


0 time ‘Incubated without UDPAG. Incubated with UDPAG 
A 7.5 7.5 | 75.0 
B 7.5 0 | 117.5 
C 10 | 200.0 


Net Synthesis of Chitin—Two types of experiments were carried out to 
test whether the enzyme brought about a net synthesis of chitin or whether 
its action involved an exchange reaction between AG units of chitin and 


those of UDPAG. 


In the experiment reported in Table V, the formation 


of C'4-chitin was allowed to proceed from C%-UDPAG for 75 minutes, and! 
the particles containing the enzyme and the chitin then were removed by 


centrifugation at 120,000 * g for 1 hour. 


The precipitate was washed! 


with 11 ml. of 0.05 m Tris-0.01 m MgCl,-0.001 m EDTA (pH 7.5) and then 


| | 
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suspended in 11 ml. of the same buffer. Equal aliquots of this enzyme sus- 
pension which contained preformed C'-chitin were again incubated as in- 
dicated in Table V. If the reaction were of the exchange type, incubation 
with unlabeled UDPAG should have lowered the radioactivity in the chitin; 
this was not the case. That the enzyme was still active during the second 
incubation period is shown by the increase in radioactivity in the chitin in 
the control experiment when the enzyme was reincubated with C'*-UDPAG. 
Incubation with UDP during the second period failed to reverse the syn- 
thetic reaction. 

In the second type of experiment (Table VI), the insoluble residue was 
extracted at 0° with 3 per cent NaOH to remove most of the protein, 


TABLE V 
Non-Exchange of Acetylglucosamine between UDPAG and Insoluble Chitin 


The reaction mixture for the initial incubation contained Tris, MgCls, and EDTA 
(Table III), 6.5 10-3 m AG, 30 mg. of chitodextrins, 7.8 10-4 m C4-UDPAG 
(80,400 c.p.m.). Inzyme from 6 gm. of Neurospora. Volume, 10.7 ml.; 75 minutes, 
pH 7.5, 25°. During the second incubation period (2 hours), each reaction mixture 
contained 18 per cent of the enzyme and of the C'4-chitin formed previously, and 
had 1.5 times the concentrations above of Tris, MgCle, and EDTA. 4.3 & 10°? mM 
AG, and additions indicated below. Volume, 2.3 ml. 


Additions to 2nd incubation mixture C4 in insoluble chitin 
c.p.m 
None 2750 
C'4*-UDPAG (1.6 wmoles, 17,000 ¢.p.m.) 5280 
UDPAG (1.5 umoles) 2680 
UD® (10 umoles) 2475 


washed with water, and finally hydrolyzed in acid as indicated. The 
hexosamine content of the hydrolysate was determined by a slight modi- 
fication (25) of the Elson and Morgan procedure. Unincubated controls 
and controls incubated in the absence of UDPAG also were analyzed. 
Although the complete recovery of hexosamine by acid hydrolysis of chitin 
is difficult, the results show that most if not all of the radioactivity in the 
insoluble chitin is accounted for as a net increase in hexosamine. 
Purification of Chitin Synthetase—Numerous attempts were made to 
render soluble the enzyme responsible for chitin synthesis. It remained 
insoluble when an acetone powder of the particles was prepared, and was 
inactivated by treatment with surface-active agents such as digitonin or 
Triton X 100. Treatment with n-butanol (26) allowed a small recovery of 
soluble enzyme which acted to synthesize radioactive chitodextrins and 
showed an absolute primer requirement. The following procedure was 


f 
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used: To 15 ml. of enzyme suspension from 30 gm. of Neurospora 3.5 ml. 
of n-butanol were slowly added at 0° with vigorous stirring. The suspen- 
sion then was homogenized in a TenBroeck homogenizer, allowed to stand 
at 0° for 10 minutes, centrifuged for 20 minutes at 10,000 * g, and the 
aqueous layer was removed and dialyzed for 3 hours against three changes 
of buffer (0.05 m Tris-0.01 m MgCl:-0.001 m EDTA, pH 7.5) with mechani- 
cal stirring. The solution was finally centrifuged at 140,000 X g and the 
supernatant fluid used as the enzyme preparation. At the end of incuba- 


TABLE VI 
Net Synthesis of Insoluble Chitin ; 
Each reaction mixture contained Tris, MgCle, and KDTA (Table III), 1.1 10-2 
m AG, and, where indicated, 5.08 umoles of C!!-UDPAG (51,000 e.p.m.). Enzyme 
from 3 gm. of Neurospora. 3 hours, pH 7.5, 25°. Different enzyme preparations 
were used in Experiments A and B. 


Hexosamine in insoluble fraction from 
reaction mixture 
Sample 
Experiment A, eriment B, 
hydrolyzed hrs. hydroly zed 2. 
4n HCl, 1 0Nn HCl, 
pumoles* pumoles* 
Chitin synthesis calculated from C'4 incorporation. . 2.58 2.57 
A hexosamine, as % C'4 incorporation.............. 50.0T 78.57 


* Calculated as glucosamine. 

t To be compared with the recovery of glucosamine after hydrolysis of a sample 
of high molecular weight crab shell chitin, hydrolyzed under the conditions of Ex- 
periment A, 39.1 per cent of theory, and under the conditions of Experiment B, 
83.4 per cent of theory. 


tion with UDPAG, the solutions were cooled to 0°, deproteinized by addi- 
tion of 0.25 volume of 3 N HC1O,, and centrifuged immediately at 2000 X g 
for 10 minutes at 3°. They were immediately neutralized in an ice bath 
with KOH and the insoluble KCIO, was removed by centrifugation. The 
supernatant fluid was deionized by passage through a 1 &K 20 cm. column 
of Amberlite MB-2, which was washed with 25 ml. of water. The com- 
bined eluates from the column were concentrated at reduced pressure. 
As shown in Table VII, the radioactivity in this chitodextrin fraction from 
C4-UDPAG was greatly increased by the prior addition of soluble chito- 
dextrins. All of the radioactivity could be accounted for as AG after di- 
gestion with chitinase and subsequent paper chromatography. 
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N ,N’-Diacetylchitobiose was found not to act as a primer in this reac- 
tion. AG did not appear to stimulate the activity of the soluble enzyme. 

Reversibility of Reacttion—When these radioactive chitodextrins were in- 
cubated with the butanol-treated enzyme in the presence of a large excess 
of UDP, radioactive UDPAG could be isolated from the reaction mixture. 
This shows that the synthetic reaction is reversible. In a typical experi- 
ment, 2.5 ml. of enzyme were incubated for 2 hours with radioactive chito- 
dextrins (3350 ¢.p.m., obtained from experiments as in Table VII) and 10 
umoles of UDP at pH 6.8 and 23°. The reaction was stopped by heating 
for 2 minutes at 100° and the precipitate removed by centrifugation. The 
supernatant fluid, after addition of 7 umoles of carrier UDPAG, was chro- 
matographed on a Dowex 1 (8 per cent cross-linked, formate) column (27). 


TaBLE VII 
Formation of C'4-Chitodeztrins from C'4}-UDPAG by Soluble Enzyme 
The reaction mixtures contained Tris, MgCle, and EDTA (Table III), 4.6 & 10-3 
M AG, 4.3 X 107*m UDPAG (34,100 ¢.p.m.). Soluble enzyme from 3.5 gm. of Newro- 
spora. Volume, 4.3 ml., 2 hours, pH 7.5, 25°. The reaction mixture was treated as 
described in the text. 


C4 in N-acetylglucosamine after 
chromatography 
oa: 14 in reaction mixture 
Additions after deionization 
Before chitinase After chitinase 

treatment treatment 
c.p.m. cC.p.m. c.p.m. 
Chitodextrins, 24 mg.......... 5240 570 4750 


The UDPAG isolated was found to contain 1980 ¢.p.m. No significant 
breakdown of UDP to UMP or to uridine occurred in these experiments. 


DISCUSSION 


The data obtained in the experiments reported here show that the syn- 
thesis of chitin by N. crassa is described by the following equation: 


UDPAG + (AG), = UDP + (AG)na4i 


Although the reaction has been found to be reversible, the direction in 
which chitin is synthesized seems to be favored, and the name ‘‘chitin 
synthetase” is proposed for the enzyme which brings about this reaction. 
Inasmuch as UDPAG synthesized by yeast probably contains a-glycosidi- 
cally bonded AG (28), the chitin synthetase reaction proceeds with in- 
version to give a @-linked AG polymer. No explanation is available for 
the stimulatory effect of free AG on the chitin synthetase reaction. As 
mentioned above, AG has no stimulatory effect in a soluble, resolved en- 
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zyme system. The data of this paper show that neither AG nor N,N’- 
diacetylchitobiose can serve to act as primers for the synthetic reaction. 

No evidence has been found in favor of the possibility that, in addition 
to the mechanism above, a transglycosidase may act to convert moderate 
length polymers to the final high molecular weight product. Experiments 
such as those of Table IV, where the incorporation of soluble chitodextrins 
into insoluble chitin was found to be dependent upon UDPAG, indicate, 
in fact, that transglycosidation apparently has no importance in chitin 
synthesis. 


SUMMARY 


1. A particulate enzyme from Neurospora crassa has been found to cata- 
lyze the synthesis of insoluble chitin directly from uridine diphosphate-N- 
acetylglucosamine (UDPAG). The reaction proceeds by glycosyl trans- 
fer from the nucleotide-linked sugar to preformed chitodextrin chains. 

2. Proof that the product of the reaction is chitin rests upon (a) the dem- 
onstration that N-acetylglucosamine is incorporated into it as a unit from 
UDPAG; (b) the finding that, after partial acid hydrolysis, all of the iso- 
tope in synthesized C'-chitin can be recovered as C!'4-N-acetylglucosamine 
after chitinase digestion; (c) the formation of a series of C'*-oligosaccharides, 
including C'4-N , N’-diacetylchitobiose, after partial acid hydrolysis of the 
synthesized C'-chitin. 

3. The net synthesis of chitin has been shown in experiments in which 
the increase in hexosamine in the insoluble material after incubation has 
been measured chemically. 

4, Chitin synthetase can be rendered soluble by treatment with n-bu- 
tanol. The soluble enzyme has an absolute primer requirement. Neither 
N-acetylglucosamine nor N , N’-diacetylchitobiose serves as a primer. The 
former substance markedly stimulates particulate chitin synthetase acting 
to form chitin from UDPAG. No such stimulation is seen with the solu- 
ble enzyme. 

5. A partial purification of chitinase from commercial emulsin is de- 
scribed. 
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METABOLIC ADAPTATIONS IN HIGHER ANIMALS 


I. DIETARY EFFECTS ON LIVER GLUCOSE-6-PHOSPHATASE* 
By R. A. FREEDLAND anpb A. EK. HARPER 


(From the Department of Biochemistry, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, March 28, 1957) 


A metabolic adaptation may be described as a change in the nature or 
capacity of a biological system in response to a change in the internal or 
external environment. <A recent comprehensive review of this subject as 
it pertains to higher animals (1) includes many references to adaptations 
induced by dietary changes. The two major types of dietary adjustments 
which have been found to induce adaptations are a reduction in the level 
of a substance necessary to maintain the animal and an increase in the level 
of a substance which is a substrate for an enzyme system being studied. 

In animals deprived of a dietary supply of glucose, the synthesis of glu- 
cose through gluconeogenesis would be facilitated by certain enzyme adap- 
tations. The final reaction in the metabolic system responsible for the 
maintenance of normal levels of blood glucose is the hydrolysis of glucose 
6-phosphate to glucose and inorganic phosphate catalyzed by glucose-6- 
phosphatase.! An increase in the activity of this enzyme in the liver (the 
main site of glucose synthesis), when the supply of dietary glucose is cur- 
tailed, could be interpreted as a compensatory adaptation. 

G-6-Pase activity of the liver has been shown to increase during certain 
physiological changes in animals. Fasting, which causes a decrease in 
liver glycogen and a slight decrease in blood glucose level, is accompanied 
by a marked increase in liver G-6-Pase concentration and a lesser increase 
in total liver G-6-Pase activity per unit of body weight (2). Administra- 
tion of cortisone, which causes an increase in liver glycogen and blood glu- 
cose, and alloxan diabetes, which causes an increase in blood glucose and 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station and supported in part by a grant from the Research Committee of 
the Graduate School from funds provided by the Wisconsin Alumni Research Foun- 
dation. The crystalline vitamins were kindly supplied by Merck Sharp and Dohme 
Research Laboratories, Rahway, New Jersey. 


The following abbreviations are used: G-6-Pase, glucose-6-phosphatase; G-6-P, | 


glucose 6-phosphate; liver G-6-Pase activity, glucose-6-phosphatase activity per gm. 
of liver; G-6-Pase activity per unit of body weight, total liver glucose-6-phosphatase 
activity times 100 divided by the body weight; specific activity, liver glucose-6-phos- 
phatase activity per gm. of liver protein; relative liver weight, weight of the liver 
times 100, divided by the body weight. 
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some decrease in liver glycogen, both give rise to increased G-6-Pase ac- 
tivity per unit of liver and per unit of body weight (3-5). Ina preliminary 
study on the effect of feeding the major dietary components individually to 
fasted rats (Harper (6); also unpublished results) the ingestion of glucose 
was found to reduce the high liver G-6-Pase activity of fasted rats to nor- 
mal, whereas the ingestion of protein or fat was without effect. In all of 
the studies so far reported the G-6-Pase activity was affected by drastic 
physiological changes other than dietary changes; therefore the G-6-Pase 
activity of animals subjected only to dietary manipulations without any 
additional stress has been examined. 


EXPERIMENTAL 


Animals and Diets—Male Sprague-Dawley rats were used in all experi- 
ments. In the experiments in which the animals were fed ad libitum, they 
weighed from 80 to 120 gm., and, in those in which the animals were pair- 
fed, they weighed from 140 to 200 gm. The composition of the various 
diets used is shown in Table I. 

All the rats were fed the control diet for 3 days before being offered the 
experimental diets in order to compensate for any lack of uniformity in 
previous dietary history. In the experiments in which the animals were 
fed ad libitum all groups except those receiving diets devoid of protein 
gained an average of at least 2 gm. per day. The rats which were pair-fed 
received 37 calories per day and all the diets except the high protein diet 
contained 58.6 mg. of protein per calorie. The pair-fed groups, except for 
that on the high fat diet, maintained body weight or gained an average of 
less than 1 gm. per day. The high fat group showed a slight loss in weight, 
partly because some of the ration was lost through the screen floor of the 
cage. 

Assay Procedure—The animals were killed 1, 2, and 4 days after being 
given the experimental diets. The livers were carefully and completely 
removed, weighed, and placed in ice. <A portion of the chilled liver was 
weighed on a torsion balance to the nearest mg. and homogenized at 0-4° 
in 40 volumes of 0.1 M potassium citrate buffer, pH 6.5. The homogenate 
was filtered through cheesecloth and the filtrate used for the G-6-Pase as- 
say and protein determination. Another accurately weighed portion of the 
liver was used for the determination of glycogen (7). A portion of the 
homogenate was dissolved in 1 N sodium hydroxide and filtered for the pro- 
tein determination (8). For the G-6-Pase assay 0.1 ml. of 0.06 mM K.G-6-P, 
pH 6.5, was added to 0.1 ml. of the homogenate, both of which had been 
incubated at 37.5° for 5 minutes. After incubation at the same tempera- 
ture for 15 minutes, the reaction was stopped by addition of 2 ml. of 10 
per cent trichloroacetic acid. The activity was estimated by measuring 
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the amount of inorganic phosphate released (9). These assay conditions 
produced zero order kinetics for values up to twice the greatest values re- 
ported. 


Results 


Enzyme Unit—The amount of enzyme which causes the release of 1 umole 
of inorganic phosphate from G-6-P in 1 minute at 37.5° and pH 6.5 is de- 
fined as 1 unit of G-6-Pase. Values for G-6-Pase were calculated per gm. 
of liver, per unit of body weight, and per unit of liver protein. Standard 
errors are given for values calculated per unit of body weight since a true 
metabolic adaptation should result in a change in the activity of the system 
on a body weight basis. 


TABLE I 
Composition of Diets 


Control FatI Fat Il Fat Il 
Salts and vitamins (15)*.... | 5 5 5 5 5 5 5 5 
5 70 95 5 5 5 55 5 
25 25 90 25 25 40 
65 


* Bibliographic reference. 
t Corn oil served as the source of fat, except in the high fat diets in which oleo- 


margarine was used. 
t Prepared by heating moist cornstarch in an autoclave at 121° for 3 hours. 


The results presented in Table II represent averages of the 1, 2, and 4 
day determinations. The values, calculated per unit of body weight, 
remained consistent throughout the 4 days of the experiment, as indicated 
by the small standard errors. 

The effect of substituting fat or protein for the dextrin in the control diet 
can be seen from the results presented in Table II, Experiment A. Liver 
G-6-Pase activity of the group that received the high fat diet (Fat 1) was 
well above that of the control group, 20 to 24 units compared to 11 to 14 
units for the controls. The relative difference per unit of body weight 
was somewhat less but was highly significant. The relative liver weight 
was about 10 per cent less than that of the controls. This can partially be 
accounted for by the decrease in liver glycogen, 1.0 per cent compared to 
4.4 per cent for the controls. Although the concentration of protein in the 
livers of rats on the high fat (Fat I) diet increased, the specific activity of 
G-6-Pase was over 40 per cent greater than that of the controls. 
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The liver G-6-Pase activity of the groups receiving the high protein diet 
was substantially greater than that of the control group, but tended to fall 
toward the end of the experimental period. This fall was compensated for 


TABLE II 


Effect of Substituting Fat, Protein, Fructose, or Galactose for Dextrin in Diet 
on Activity of Liver Glucose-6-phosphatase 


Diet G-6-Pase activity Protein 
Experiment A 
14 13.0 61 + 3* 
“3 9 11.5 52 + 3 155 74 
18 23.5 99 + 6 
High protein (1)........ 18 19.0 102 + 3 
9 18.0 90 + 4 164 110 
Experiment B 
9 21.7 i mit 
era as 9 20.3 | 117 + 5 157 | 107 
Kixperiment C 
Protein-freef............ | | 18.0t 77+2 162 | 
Gateetome............... | 8) | 24.1 104 + 4 194 124 


The figures in parentheses represent replicate experiments. 

* Standard error of the mean. The difference between the control values and 
those for the experimental groups showed a probability of less than 0.01. 

+t See under ‘‘Results,’”’ the last paragraph. 

t Rats receiving this diet ate sparingly and showed effects usually associated with 
fasting. Therefore, the high values for G-6-Pase per gm. of liver and for G-6-Pase 
specific activity are probably not typical. The results for rats that readily accepted 
the protein-free diet are given in the text. 


by an increase in relative liver weight; Ist day 4.5, 2nd day 5.4, 4th day 
6.8, as compared to 4.5 for the control animals. Thus, the G-6-Pase ac- 
tivity per unit of body weight was significantly higher than that of the 
controls and remained constant throughout the experiment. The liver 
glycogen dropped to 0.7 per cent compared to 4.4 per cent in the control 
animals, although the protein concentration of the liver was of the same 
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order in both groups. The specific activity of liver G-6-Pase of the high 
protein group, like that of the high fat group, was over 40 per cent above 
that of the controls. 

The liver G-6-Pase activity of the groups receiving fructose or galactose 
in place of dextrin was about twice that of the controls, as can be seen from 
the results presented in Table II, Experiments B and C. The activity per 
unit of body weight was in each case significantly higher than the control 
value. The relative size of liver increased about 20 per cent in the group 
receiving fructose and decreased about 10 per cent in that receiving galac- 
tose when compared to that of the control animals. Although liver protein 
concentration for both groups did not differ from that of the controls, the 
specific activity of liver G-6-Pase was considerably higher than that of the 
control in each case. Specific activities of the fructose and galactose groups 
were 50 and 85 per cent, respectively, greater than those of the controls. 

G-6-Pase values per gm. of liver, per unit of body weight and per gm. of 
protein, for the group receiving the high fat protein-free diet (Fat II) were 
slightly lower than the values for animals receiving high fat diets that con- 
tained adequate protein (Fat I) and were significantly higher than the 
values for control rats (Table II, Experiments A and B). The relative 
liver weights of the high fat groups were the same, whether the diet con- 
tained protein (Fat I) or not (Fat II), both being about 10 per cent less 
than the control values. 

The rats receiving the low fat protein-free diet (Table II, Experiment C) 
ate very sparingly and showed effects observed in fasting. There was a 
decrease in relative liver weight and the disappearance of liver glycogen. 
The liver protein concentration decreased about 15 per cent and the specific 
activity doubled when compared to that of the control animals. The liver 
G-6-Pase activity rose but showed only a slight increase on a body weight 
basis (2, 5, 6). Several rats which accepted the protein-free diets readily 
showed the following relationships to their respective controls: liver G-6- 
Pase activity, 11.2:13.3; G-6-Pase activity per unit of body weight, 52: 
60; protein, 145:187; specific activity, 77:71; relative liver weight, 4.6:4.5; 
glycogen 7.2:4.2. 

The effect of fasting the experimental animals for 24 hours before the 
start of the experiment is shown in Table III. The only differences be- 
tween the results obtained in this experiment and the results of the pre- 
vious experiments were a slight increase in G-6-Pase activity per unit of 
body weight in the controls and a reduction in liver protein concentration 
both in the group fed on the high fat (Fat I) diet and in the controls. 
These changes caused a substantial increase in the specific activity of 
G-6-Pase in the control and in the high fat groups. 

The effect of limiting all groups to the same caloric intake, and all ex- 
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cept the high protein group to the same protein intake, is shown in Table 
IV. All rats showed a decrease of from 20 to 30 per cent in relative liver 
weight compared to the animals given similar diets ad libitum. The G-6- 
Pase activity per unit of body weight of the experimental groups was lower 
than that of comparable groups fed ad libitum. The liver G-6-Pase activity 


TaBLeE III 


Effect on Liver Glucose-6-phosphatase of 24 Hours Fasting before Substitution 
in Diet of Fat or Protein for Dextrin 


Nine rats were used in each experiment. 


Diet | G-6-Pase activity Protein Specific activity 
per | 100 gm. m. 
1 mg. pergm. | proten 
| 12.8 65 + 3* 142 
High protein. ........... 18.5 93 + 4 158 117 


* Standard error of the mean. The differences between the control value and 
those for the experimental groups showed a probability of less than 0.01. 
t See under ‘‘Results,’’ the last paragraph. 


TaBLe IV 
Effect of Equalization of Caloric Intake on Response of Liver Glucose-6- 
phosphatase to Dietary Changes 


Nine rats were used in each experiment. 


Diet | G-6-Pase activity | Protein Specific activity 
"body weight Per gm. liver) 
| 17.7 62 + 3* 198 
| 22.7 76 + 3 186T 122T 
| 25.9 99 + 3 189 137 
Hien protein............ | 18.4 SO + 4 189 97 


those for the experimental groups showed a probability of less than 0.01. 
Tt See under ‘‘Results,’’ the last paragraph. 


of the control group was well above that of comparable groups fed ad libi- 
tum, 17.7 units compared to 11 to 14 units (Table II, Experiments A, B, 
and ©). Although the differences between the control and the experimen- 
tal groups were smaller in this experiment, they were highly significant. 
All groups, excepting that which received the high protein diet, showed a 
marked increase in the specific activity of G-6-Pase over animals fed ad 
libitum, and all experimental groups showed higher specific activities than 
the controls. | 


* Standard error of the mean. The differences between the control value and 
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ble Determination of protein by another method (10) after this work was con- 
ver cluded indicated that the protein values for homogenates from rats receiving 
-6- the high fat diets were slightly elevated due to turbidity. Thus the protein 
ver values, as reported, tend to cause bias against the high fat groups in the 
ity calculation of specific activity. Lower protein values would further in- 


crease the specific activity values for these groups. 


DISCUSSION 


In each instance G-6-Pase activity increased when the supply of availa- 

ble glucose in the diet was reduced. Previous reports have shown no con- 
vity sistent correlation between either blood glucose or liver glycogen level and 
ee G-6-Pase activity. However, an increase in gluconeogenesis is a common 
in factor in all of the cases in which increased G-6-Pase activity has been ob- 
served, suggesting that the two processes are closely integrated. Fructose 
would appear to be an exception if it is converted into glucose when it is 
absorbed from the intestinal tract (11, 12). However, this too would fit 
ial the pattern if, as the present work and that on fructose-1 ,6-diphosphatase 
(13) suggest, fructose is transported to the liver as such and is metabolized 
as indicated in recent studies (14). In fact, the higher G-6-Pase activity 
obtained after feeding diets containing non-glucose carbohydrates compared 
with that obtained after feeding a high fat or a high protein diet may in- 
dicate a need for quantitative conversion of these carbohydrates to glucose 
in the liver before they can be utilized appreciably by the animal body for 
energy. On the other hand, the amino acids of the high protein diet and 
the fat of the high fat diet may be utilized to some degree directly by the 
—_ animal body. 
n Fasting for 24 hours before the start of the experiment did not affect the 
results. When diets which caused G-6-Pase activity to increase above 
fasting values were fed, a level of activity comparable to that usually found 
with the respective diets was reached within 1 day or less. The increase 
a in G-6-Pase caused by fasting of the control rats was reversed slowly and 
- normal control values were reached by the 4th day. 

Pair feeding, in which all the rats were given suboptimal amounts of 
diet, resulted in a state of semifasting. This differed from previous fasting 
in that the animals were not permitted to readjust by eating ad libitum 


bi- but were maintained in a semifasted condition. This, rather than a limited 
B, protein intake per se, was probably responsible for the trend, particularly 
aol noticeable in the controls, of the G-6-Pase values toward those obtained 
nt. during fasting. The following observations support this conclusion: rela- 
la tive liver size decreased as in fasting; a protein-free diet did not cause a 
ad significant change in G-6-Pase activity, except in rats that ate sparingly, 
aul and the protein concentration in livers of all groups was similar. 


The results showed the same pattern in each case, in spite of these dif- 
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ferent procedures, and evidence of increased enzyme activity was obtained 
regardless of the basis used for the calculations. Since the metabolic needs 
of an animal are dependent upon the size of the animal as well as upon other 
factors, a metabolic or enzymatic change that is directly proportional to a 
change in body weight should not be regarded as a true metabolic adapta- 
tion. Onlya metabolic or enzymatic activity which shows a change per unit 
of body weight can legitimately be considered as an adaptive process. 
The results of this study satisfy this criterion. As there is no evidence to 
suggest that activators or inhibitors in liver affect the assay, the increase 
in G-6-Pase activity in response to diets containing little or no glucose is 
apparently an example of a metabolic adaptation expressed through in- 
creased synthesis of an enzyme directly involved in the biosynthesis of 
glucose. 

The G-6-Pase adaptation can occur in three ways: an increase in liver 
G-6-Pase activity as in the rats fed on the high fat diets, an increase in 
liver size with a concurrent rise in specific activity as in the rats fed on the 
high protein diet, or a combination of both as in the animals receiving fruc- 
tose. The marked increase in specific activity indicates that G-6-Pase is 
being synthesized more rapidly than liver proteins generally, thus eliminat- 
ing the possibility that the increased G-6-Pase activity is due to an increase 
in over-all protein synthesis in the liver. Animals that consumed a pro- 
tein-free diet readily showed only a slight decrease in G-6-Pase activity 
during the 4 days of the experimental period when compared to animals on 
similar diets containing sufficient protein, indicating that animals on a pro- 
tein-free diet are able to synthesize or conserve liver G-6-Pase at the ex- 
pense of other body proteins. 

Experiments of longer duration suggest that the rapid adaptation in G-6- 
Pase activity observed in these short term experiments is, under some con- 
ditions, followed by a slower secondary adaptation. These more complex 
situations are currently being studied. 


SUMMARY 


1. Rats fed diets in which protein, fat, galactose, or fructose was substi- 
tuted for a direct glucose source showed a marked increase in liver glucose- 
6-phosphatase activity calculated per gm. of liver, per unit of body weight, 
or per gm. of liver protein. 

2. Pair feeding decreased the differences between the control and experi- 
mental groups; however, the differences remained highly significant. 

3. Fasting for 24 hours before the start of the experiment did not affect 
the results. 

4. The feeding of a protein-free diet for 4 days had no significant effect 
on the liver glucose-6-phosphatase activity of rats that consumed the diet 
readily. 
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5. A correlation between increased glucose-6-phosphatase activity and 


increased gluconeogenesis is suggested. 


RD 
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The intraperitoneal injection of weanling rats with 1 mg. or less of 
3-methylcholanthrene or of certain other polycyclic aromatic hydrocar- 
bons rapidly induces several-fold increases in the activities of two hepatic 
microsomal enzyme systems which can metabolize 4-dimethylaminoazo- 
benzene and related dyes (1). These TPNH'-dependent systems catalyze 
the oxidative removal of the N-methyl groups and the reductive cleavage 
of the azo linkage in these dyes (2-5). The increases in activity of these 
systems did not appear to depend upon the presence of activators or in- 
hibitors but could be prevented by the administration of ethionine. Hence 
it appears that the hydrocarbons induced the synthesis of these enzymes. 
Since a close structural relationship between the hydrocarbon inducers | 
and the dye substrates is not evident, the metabolic fate of these hydro- 
carbons was studied next. A similar situation was found, and data are 
presented here on the induced synthesis of a benzpyrene-metabolizing 
system by 3,4-benzpyrene and related hydrocarbons. This enzyme sys- 
tem occurs in the liver microsomes and requires TPNH and oxygen for 
activity. Since the major metabolites formed from the BP are mono- 
hydroxy derivatives, this system is termed benzpyrene hydroxylase. 


* This investigation was supported by grant No. C355 of the National Cancer In- 
stitute, United States Public Health Service, and by grants from the Jane Coffin 
Childs Memorial Fund for Medical Research and the Alexander and Margaret Stewart 
Trust Fund. The technical assistance of Mrs. Ivanne Jones and Miss Barbara Short- 
reed is gratefully acknowledged. 

'The following abbreviations are used: TPN*, DPN*, TPNH, and DPNH for 
the oxidized and reduced forms of tri- and diphosphopyridine nucleotide, respec- 
tively, ATP for adenosine triphosphate, and BP for 3,4-benzpyrene. The number- 
ing system used for BP is 
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Methods 


Male rats,” 20 to 22 days old and weighing 40 to 60 gm., were used. The 
rats were weaned at 15 days of age and fed a 22 per cent casein diet con- 
taining high levels of vitamins’ (6). Food and water were given ad libitum, 
except that in the experiments with ethionine the food was withdrawn at 
the time the ethionine was administered. 

BP and related compounds were administered by intraperitoneal injec- 
tion in 0.25 ml. of corn oil; control animals received only corn oil. When 
used, 0.3 mmole of pL-ethionine and 0.3 mmole of pL-methionine were 
injected in 2 ml. of 0.9 per cent sodium chloride solution; the controls re- 
ceived comparable injections of saline solution. 

Centrifugal fractionations of liver were carried out by the isotonic su- 
crose procedure of Schneider (7), except that the microsomes were obtained 
by centrifugation at 105,000 X g for 60 minutes. Both the nuclear and 
mitochondrial fractions were washed three times with 5 ml. of isotonic 
sucrose solution per gm. of liver. 

Assay Procedure—The rats were decapitated and their livers were im- 
mediately placed in ice-cold isotonic sucrose solution. 10 per cent liver 
homogenates in ice-cold isotonic sucrose solution were prepared from each 
liver and assayed in duplicate. The homogenate from 10 to 50 mg. of 
liver was pipetted into ice-cold 25 ml. Erlenmeyer flasks which contained 
the following compounds in a final volume of 3 ml.: 0.2 ml. of 0.03 m glu- 
cose 6-phosphate, 0.1 ml. of TPN+ (200 y) solution,* 0.1 ml. of DPN+ 
(200 y) solution,‘ 0.2 ml. of 0.6 M nicotinamide, 0.2 ml. of 0.01 m ATP, 0.1 
ml. of 2.0 m KCl, and 0.5 ml. of 0.1 m KH2PO,-K2HPO, buffer at pH 7.4. 
In experiments with microsomes, TPNH‘ and DPNH? were substituted for 
TPN+ and DPNt. Nicotinamide was omitted when the metabolites were 
isolated since it interfered with the chromatography procedures; its omis- 
sion had little effect on the rate of metabolism of BP, 50 y of which (Hoff- 
mann-La Roche) in 0.1 ml. of methanol were added last. Comparable 
BP hydroxylase activities were obtained with methanol, acetone, and diox- 
ane solutions of BP. Colloids of BP in 2 and 10 per cent solutions of crys- 
talline bovine plasma albumin were metabolized at about 80 per cent. of 
the rate obtained with the organic solvent solutions of BP. The activities 
obtained with colloids of BP in water alone were erratic and often low, 
possibly because of large particle size, as evidenced by high turbidity and 
rapid settling. The colloids were made by adding 1 volume of BP in ace- 


2 Holtzman Rat Company, Madison, Wisconsin. 

3 The water-soluble vitamins were generously supplied by Merck and Company, 
Inc., through the courtesy of Dr. N.S. Ritter. 

490 to 95 per cent preparations from the Sigma Chemical Company, St. Louis, 
Missouri. 
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tone dropwise to 10 volumes of aqueous medium and then removing the 
acetone by dialysis against several changes of water for 24 hours at 3° in the 
dark. The flasks were incubated aerobically, usually for 12 minutes, in 
the dark at 37° in a water bath equipped with a mechanical shaker. The 
reaction was stopped by the rapid addition of 1 ml. of ethanolic KOH (125 
gm. of KOH, 100 ml. of water, and 500 ml. of ethanol), and the reaction 
mixture was then diluted to 15.0 ml. with the ethanolic KOH. After 
storage in the dark at 3° for 24 to 48 hours,® a 0.3 ml. aliquot was removed 
and added to 3.0 ml. of 11 N aqueous KOH, and the BP was extracted 
quantitatively with vigorous shaking into 10 ml. of petroleum ether (Skelly- 
solve B, b.p. 66-—68°) or a 1:19 mixture of benzene-petroleum ether. The 
fluorescence of the extract was determined in a Coleman fluorometer 
equipped with Filters B-1 and B-2 which transmit light maximally at 365 
and 435 muy, respectively. A quinine sulfate solution (0.3 mg. per liter 
of 0.1 N H.SO,) was the standard. The fluorescence of BP was linear in 
the range assayed (0 to 2 y per 10 ml. of petroleum ether). The amount 
of BP metabolized was calculated as the difference between the amounts 
extracted from the zero time flasks and the incubated flasks. There was 
no loss of extractable fluorescence when BP was incubated for up to 1 hour 
in the absence of tissue or in the presence of heat-inactivated homogenates, 
and little or no fluorescent material was extracted from flasks which con- 
tained tissue but no BP. Similarly, the amounts of BP remaining in the 
livers of rats previously injected with BP were too small to affect the assay 
of BP hydroxylase. 

Characterization of BP Metabolites—To obtain the metabclites for char- 
acterization and quantitative determination, groups of approximately 
twenty flasks, each containing 20 mg. of liver from a rat injected 24 hours 
previously with 1 mg. of BP, were incubated for 12 minutes with BP (50 y 
per flask) purified by chromatography on alumina (8). The reaction was 
stopped by the addition of 3 ml. of acetone per flask, and the flask con- 
tents were pooled and extracted with benzene (4 ml. per flask). BP and 
its metabolites were extracted into the benzene-acetone-water phase which 
was separated and evaporated to dryness in vacuo at room temperature. 
The residue was dissolved in petroleum ether and chromatographed on a 
silica. column essentially as described by Weigert and Mottram (9, 10). 
Further purification of the hydroxy derivatives was achieved by methyla- 
tion with 0.5 ml. of methyl] sulfate in 5 ml. of 11 N KOH at 90° for 15 min- 


5 Low recoveries of BP were obtained when the media, whether or not incubated, 
were extracted at earlier times after the addition of alkali. Magnesium ions were 
omitted from the incubation medium since they made difficult the extraction of the 
remaining BP after the alkali was added, possibly as a result of adsorption of BP on 
the magnesium hydroxide. 
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utes, destruction of excess methyl] sulfate by the addition of 1 ml. of meth- 
anol, extraction of the methoxy derivatives with benzene, concentration 
of the solvent at room temperature, and chromatography on alumina 
(11, 12). 

The absorption spectra were taken with a Beckman DK 1 recording 
spectrophotometer. The organic solvents for the assays and the charac- 
terization studies were redistilled from glass and shown to be essentially 
free from fluorescence. BP and its metabolites were protected from direct 
light; chromatography was carried out in a dark room, and the columns 
were covered except for a narrow vertical slit, which was scanned briefly 
with ultraviolet light as needed. 


Results 


Increased Rate of Metabolism of BP after Administration of BP and Other 
Hydrocarbons—The rate of metabolism of BP by liver homogenates from 
untreated rats or controls injected with corn oil was 1 to 3 y per 50 mg. of 
liver per 12 minutes and was linear for at least 1 hour. Intraperitoneal 
injection of 100 y of BP caused a 2-fold increase in activity by 3 hours and 
a 5-fold increase by 12 hours (Fig. 1); the activity decreased to the normal 
range by 6 days. Larger amounts of BP caused greater and more pro- 
longed responses. With 10 to 30 mg. of these high activity livers per 
flask, the rate of metabolism was linear with time for at least 15 minutes 
and then gradually fell off. For this reason, all of the high activity livers 
were assayed with 20 to 30 mg. of liver per flask and an incubation time 
of 12 minutes, except that 50 mg. of liver were employed in the experiment 
reported in Fig. 1. 

The metabolism of BP appeared to be restricted to the liver. Homogen- 
ates of spleen, kidney, lung, heart, small intestine, and thymus from 
either untreated rats or those injected 24 hours previously with 1 mg. of 
BP destroyed less than 1 y of BP per 20 mg. of tissue per 30 minutes. 

Several other hydrocarbons were tested for their abilities to increase the 
hydroxylase activity of rat liver when injected 24 hours before the assay 
at the molar level equivalent to 0.5 mg. of BP. 1,2,5,6-Dibenzanthra- 
cene, 3-methylcholanthrene, and 4’-methyl-1 ,2-benzanthracene® were about 
as effective as BP, 9,10-dimethyl-1,2-benzanthracene was one-third as 
active, and 2-methyl-benzo(c) phenanthrene,® 1 ,2-benzanthracene, and the 
5,8- and 5,10-quinones of BP had little or no activity. The effects of these 
hydrocarbons were similar to those previously observed for the dye de- 
methylase system (1). Preincubation of liver homogenates from = un- 
treated rats with BP at 37° for 60 minutes before assay had no effect. on 


6 Dr. Melvin S. Newman of The Ohio State University kindly supplied us with 
these hydrocarbons. 
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their activities. For this purpose 3 ml. of homogenate were homogenized 
with 1 mg. of finely ground BP or 25 y of BP as 1 ml. of a colloid in 
2 per cent bovine plasma albumin was added per 0.3 ml. of homogenate. 

The greater metabolic activity of the livers from BP-treated rats was 
not due apparently to an alteration in the amounts of any inhibitors or 
activators of the system. Thus, addition of heat-inactivated (100°, 3 min- 
utes) liver homogenates from control or BP-treated rats to fresh liver 
homogenates from either type of rat did not alter the activity. When 
liver homogenates from control and BP-treated rats were combined, the 
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Fic. 1. The metabolism of BP by rat livers obtained at various times after a single 
intraperitoneal injection of BP. 50 mg. of liver were added per flask; the inecuba- 
tion time was 12 minutes. Each point is the average of the activities of two rats. 


activity of the mixture was equal to the sum of the individual activities. 
Dialysis of liver homogenates with high activity caused no loss of activity. 

Intraperitoneal injection of 0.3 mmole of pL-ethionine 0.5 hour before 
the injection of BP prevented the increase in BP-metabolizing activity 
but did not affect the basal level of activity. The simultaneous injection 
of an equimolar amount of pL-methionine prevented the effect of ethionine 
(Fig. 2); methionine alone had no effect on the activities in normal or BP- 
treated rats. 

Intracellular Distribution of Activity and Cofactor Requirements—N one 
of the cell fractions obtained by differential centrifugation had much activ- 
ity when assayed alone, but the combined microsome and supernatant 
fractions had 80 per cent of the activity of the original homogenate (Fig. 3). 
The microsomes contained the enzyme system which hydroxylated BP, 
and the supernatant fraction functioned as a generator of TPNH and 
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DPNH. Thus, in the presence of the reduced coenzymes, the microsomes 
had about the same activity as the combined microsome and supernatant 
fractions with the oxidized forms of the coenzymes (Fig. 4). Both TPNH 
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Fic. 2: The prevention by ethionine of the increase in BP hydroxylase activity 
after an intraperitoneal injection of 1 mg. of BP. The pui-ethionine (0.3 mmole) 
and pui-methionine (0.3 mmole) were injected intraperitoneally in saline solution 
0.5 hour before the injection of BP. For the assay, 20 mg. of liver were used per 
flask; the incubation time was 12 minutes. There were two rats per group. 
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Fic. 3. The intracellular distribution of BP hydroxylase in the liver of a rat in- 
jected 24 hours previously with 1 mg. of BP. The homogenate was fractionated in 
isotonic sucrose solution, and fractions equivalent to 20 mg. of liver were assayed 
per flask. The incubation time was 12 minutes. 
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and DPNH were required for maximal activity; TPNH alone supported 
high activity but DPNH alone was without effect even at levels as high as 
5 mg. per flask. The microsomes were completely inactivated by being 
heated at 100° for 3 minutes. 
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Hffects of Various Enzyme Inhibitors—A number of compounds were 
tested for their effects on the activity of the system. For these experi- 
ments the microsomes from 40 to 60 mg. of liver, from rats injected 24 
hours previously with 1 mg. of BP, were assayed in the presence of 500 y 
each of TPNH and DPNH, the inhibitor, and the other components of the 
medium described under ‘‘ Methods.”’ p-Chloromercuribenzoate (1074 Mm), 
ferrous sulfate (10-% M), and potassium ferricyanide (10~* Mm) each inhibited 
the system by 80 to 100 per cent, and N-ethylmaleimide (10-* m) caused a 
45 per cent inhibition. Diethylaminoethyldiphenylpropyl acetate hydro- 
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Fic. 4. The requirement of the BP hydroxylase system for TPNH and DPNH. 
The microsomes from 30 mg. of liver from a rat injected 24 hours previously with 1 mg. 
of BP were used per flask; the incubation time was 12 minutes. The medium did not 
contain glucose 6-phosphate. The numbers below the bar refer to the mg. of cofac- 
tor added per flask. 


chloride (SKF 525-A), Versene, cysteine, potassium cyanide, ascorbic acid, 
sodium azide, a,a’-dipyridyl, and o-phenanthroline (each at 107% M) each 
inhibited the system less than 15 per cent. Ethionine at a level of 2 X 107 
M had no effect on the system. Preincubation of the microsomes with 50 
to 100 y of crystalline salt-free trypsin for 30 minutes at 37° at pH 7.4 
destroyed all of the activity, whereas similar treatment with 4 mg. of erys- 
talline ribonuclease had no effect on the activity. 

Characterization of Metabolites—Chromatography and spectral analyses 
revealed the presence of a number of metabolites of BP in the reaction 
mixtures. Two of the major metabolites were identified as the 8- and the 
10-hydroxy derivatives, while a third was apparently identical with the 
derivative designated as F; by Weigert and Mottram (9, 10). Small 
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amounts of 5,8-dihydroxy-BP and of the 5,8- and 5,10-quinones of BP 
were also obtained. Other more polar metabolites were also obtained from 
the columns but were not identified. 

When the material from the combined contents of several reaction flasks 
was chromatographed on silica, BP was eluted rapidly with petroleum 
ether, the monohydroxy derivatives with 2:3-benzene-petroleum ether, 
the 5,8- and 5, 10-quinones with 4: 1-benzene-petroleum ether, and a more 
polar fraction with 1:1-chloroform-benzene. Spectral analyses of suc- 
cessively eluted fractions of the monohydroxy band revealed the presence 
of at least two components. The absorption maxima of approximately 
the first half of the fractions corresponded to those of 8-hydroxy-BP’ (‘Ta- 
ble I), and those of the remaining fractions corresponded to the maxima 
of F,; (9). When the fractions with the spectra of 8-hydroxy-BP were 
methylated and chromatographed on alumina with petroleum ether-ben- 
zene mixtures, the resulting fractions had the characteristic absorption 
spectra of 8-methoxy-BP.7 However, if these methylated fractions were 
analyzed spectrally with a pure sample of 8-methoxy-BP (equated to the 
absorption of the-unknown at 421 my) in place of the solvent blank, the 
characteristic spectrum of 10-methoxy-BP was obtained. The fractions 
from the silica column with the absorption spectrum of F, were similarly 
methylated, chromatographed on alumina with petroleum ether-benzene 
mixtures, and analyzed spectrally and shown to be a mixture of 8-meth- 
oxy-BP and an unknown substance, referred to as “‘methylated F,.”’ Evi- 
dence for these three components was also obtained by methylating the 
metabolites directly after their extraction from the reaction mixture and 
then chromatographing the methylated derivatives in petroleum ether 
solution on alumina. By rechromatographing the monomethoxy band 
over a period of 5 days, three distinct bands were obtained. The first had 
the spectrum of 10-methoxy-BP, the second that of 8-methoxy-BP, and 
the third that of methylated F,. 

When the mixed BP quinones from the silica column were rechromato- 
graphed on alumina with benzene as the solvent, the yellow 5,10-quinone 
moved slowly ahead of the red 5,8-quinone and pure samples were obtained 
by collecting the first part of the yellow band and the last portion of the 
red band. The spectra of these quinones were in good agreement with 
those of the quinones obtained by oxidation of BP by chromic acid (13) 
and separation on alumina.’ Furthermore, the dry 5,10-quinone gave the 


7 We are greatly indebted to Dr. R. Schoental, Medical Research Council, Carshal- 
ton, Surrey, Iingland, for samples of synthetic 8-hydroxy- and 8-methoxy-3,4-benz- 
pyrene. 

8 The 5,10-quinone prepared in our laboratory by chromic acid oxidation of BP 
and the metabolite had identical absorption spectra with maxima at 459 my and 433 
mu when dissolved in benzene. The discrepancy between this spectrum and that 


t 
f 

| 
h 
a 
(*( 
p 
ti 
Ww 

t 
sl 
es 

t 

t] 
m 
Jc 
be 

it 
no 
CO 
the 


A. H. CONNEY, E. C. MILLER, AND J. A. MILLER 761 


expected cherry-red color and the dry 5,8-quinone an olive-green color 
upon the addition of concentrated sulfuric acid (13). 

When the metabolites were methylated immediately after extraction 
from the reaction medium and then chromatographed on alumina with 
petroleum ether-benzene mixtures, a blue fluorescent band with the ab- 
sorption spectrum of 5,8-dimethoxy-BP (11) followed the monomethoxy 
derivatives and was eluted with 9:1-benzene-petroleum ether. 

The most polar band from the silica column was analyzed spectrally 
and then methylated and chromatographed on alumina in petroleum ether. 
Although the data pointed to the possible presence of two components (14), 
they could not be identified from the available literature (9, 11, 12, 15, 16) 
and did not resemble the X; and X_ derivatives described by Weigert and 
Mottram (9, 10). 

Quantitative Determination of Metabolites—For this purpose the incuba- 
tion was carried out simultaneously in forty-four flasks; liver homogenate 
from a rat previously treated with BP was used as the source of enzyme. 
Four flasks were used for a determination of the amount of BP metabo- 
lized. The contents of twenty flasks were pooled for estimation of the 
hydroxy derivatives, and the remaining flasks were used for determination 
of the quinones. ‘To minimize losses of the labile hydroxy derivatives, the 
material extracted from the reaction medium was methylated promptly, 
and the methylated derivatives were chromatographed on alumina. The 
combined monomethoxy band and the 5,8-dimethoxy-BP were eluted 
separately with 1:9-benzene-petroleum ether. The amount of this com- 
pound was calculated from its absorption at 431 my and the molar extine- 
tion coefficient recorded by Tarbell e¢ al. (16). The monomethoxy band 
was then again chromatographed over a 5 day period on alumina with pe- 
troleum ether as the solvent until three separate bands were obtained. 
Since the 10-methoxy-BP and the third band (methylated F;) were each 
slightly contaminated by 8-methoxy-BP, the amount of 8-methoxy-BP in 
each of these bands as well as in the major 8-methoxy-BP band was cal- 
culated from the absorption at 421 my, a wave length at which neither of 
the other derivatives absorbs light. After correction for this contaminant, 
the amount of 10-methoxy-BP was calculated from its absorption at 396 
mu by use of the molar extinction coefficient recorded by Holiday and 
Jope (17). The amount of the third derivative (methylated F;) could not 
be determined, but in view of its fluorescence and ultraviolet absorption, 
it appeared similar in amount to the 10-methoxy derivative. 

The 5,8- and 5,10-quinones were separated from the hydroxy derivatives 


reported by Tarbell et al. (16) for this quinone (maxima at 353, 369, and 423 my) has 
not been resolved by correspondence with Dr. Tarbell, although he states that his 
compound showed strong general absorption from 400 to 450 mu. Our spectrum for 
the 5,8-quinone is in agreement with that of Tarbell et al. 
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on silica and from each other by chromatography on alumina. Each 
quinone was then contaminated with the other to only a small extent, and 
the amounts of each were calculated according to the absorption at their 
respective maxima with constants derived from the synthetic quinones. 

From these data, approximately 30 per cent of the KP metabolized was 
accounted for as 8-hydroxy-BP, 16 per cent as 10-hydroxy-BP, 3 per cent 
as 5,8-dihydroxy-BP, 6 per cent as the 5,8-quinone, and 4 per cent as the 
5,10-quinone (Table II). It is possible that some or all of the last three 
compounds were formed non-enzymatically from the relatively unstable 
benzpyrenols during the incubation or subsequent isolation procedures, al- 


TABLE II 


Metabolites of 3,4-Benzpyrene Isolated after Incubation of 
Hydrocarbon with Liver Homogenates* 


BP metabolized 1.28 
Metabolites isolated 
8-Hydroxy-BPf 0.38 
10-Hydroxy-BPT 0.21 
5,8-Dihydroxy-BPft 0.03 
5,8-BP-quinone 0.08 
5,10-BP-quinone 0.06 


* The quinones and the hydroxy metabolites were each isolated from the combined 
contents of twenty reaction flasks, which contained a total of 400 mg. of liver and 1 
mg. (3.97 unmoles) of BP. The livers were from rats injected 24 hours previously 
with 1 mg. of BP; the incubation time was 12 minutes. 


t Isolated as the methoxy derivatives. 
t F, and a band of more polar unidentified metabolites could also be separated 


on the columns. See the text for details. 


though precautions such as speed of operation and lack of light were taken 
to minimize this. In another experiment the activities of liver homogen- 
ates from control and BP-treated rats were compared in terms of the 
metabolites formed. The increased destruction of BP was found to paral- 
lel the increased formation of BP metabolites. 


DISCUSSION 


BP hydroxylase is similar to azo dye demethylase and reductase (1) in 
that its activity in the liver is greatly increased by the administration in 
vivo of certain polycyclic aromatic hydrocarbons. The data suggest that 
the heightened activities of these systems are the result of induced enzyme 
synthesis. Thus, there is no evidence that the hydrocarbon administra- 
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tion has altered the levels of possible enzyme activators or inhibitors in the 
liver, the responses occur within a few hours, the hydrocarbons cause no 
activation 7m vitro, and the responses are prevented by the amino acid 
antagonist, ethionine. In the case of BP hydroxylase, the inducer and 
substrate can be identical, although related hydrocarbons can also induce 
synthesis of the system. 

No correlation was noted between the activities of the hydrocarbons 
tested as carcinogens and those as inducers of the BP hydroxylase system. 
This was previously noted to be the case for the azo dye demethylase 
with a more extensive series of hydrocarbons (1). 

Each of the three systems mentioned above and a large group of drug- 
metabolizing systems (18-26) have several properties in common. They 
are all located in the liver microsomes, they require TPNH, and, with the 
exception of the azo dye reductase, they also require oxygen. ‘The re- 
sponses of the drug-metabolizing systems to the hydrocarbons would be of 
interest in view of these similarities. However, heightened activity after 
hydrocarbon administration is not a general response of microsomal en- 
zymes, since preliminary experiments have shown that the activities of 
glucose-6-phosphatase and DPNH- and TPNH-cytochrome c reductases 
in the microsomes are not affected by this treatment.® 

The BP hydroxylase described here is similar to the rabbit liver micro- 
some system of Mitoma et al. (25) and Udenfriend et al. (27), which can 
hydroxylate naphthalene and biphenyl. However, their system appar- 
ently requires divalent iron for activity, whereas our system is not inhib- 
ited by reagents such as a,a’-dipyridy] and o-phenanthroline. It would 
appear that BP hydroxylase is a class I] oxidase as proposed by Mason (28). 
The seemingly anomalous requirement of TPNH for the activity of this 
oxidase and its sensitivity to SH inhibitors suggest that the TPNH fune- 
tions in the reduction of an inactive S—S form of the enzyme produced 
during cleavage of the oxygen molecule (29, 30). 

Our results do not support the conclusions of Caleutt (31) and Casu et al. 
(32) that the metabolism of BP by rat liver is a non-enzymatic process. 
These investigators reported qualitative observations on the formation of 
8-hydroxy-BP and certain unidentified derivatives from BP after incuba- 
tion for from 16 hours to many days with liver preparations heated in var- 
ious media at 100° or higher. The oxidation of BP by autoxidizing thiols 
has been reported by Calcutt (33), and it is likely that this occurred in 
these denatured preparations. The high activity of our liver system was 
completely destroyed by being heated at 100° for 3 minutes or by previous 
incubation with trypsin. These properties clearly point to the enzymatic 
nature of the reaction described here. 

The identification of 8- and 10-hydroxy-BP as major metabolites and of 


9A.H.Conney, H. V. Gelboin, J. A. Miller, and E. C. Miller, unpublished data. 
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the 5,8- and 5,10-quinones as minor metabolites in this in vitro liver sys- 
tem is in complete harmony with the zn vivo metabolic studies of Berenblum 
et al. (11, 12, 15), who isolated these derivatives from the feces of rats, 
mice, and rabbits injected with BP. In both the in vivo and in vitro sys- 
tems 8-hydroxy-BP is the major metabolite. Closely associated with the 
8- and 10-hydroxy derivatives is another metabolite formed in vitro, which 
has chromatographic characteristics and an absorption spectrum very simi- 
lar to those of the derivative F; found by Weigert and Mottram (9, 10) in 
the feces and tissues of BP-treated rats and mice. Weigert and Mottram 
suggested that F; is a conjugate of 8-hydroxy-BP, although Berenblum 
and Schoental (34) recently concluded from a consideration of the spectra 
that F; is probably 10-hydroxy-BP. The metabolite with the spectrum 
and other properties of F; obtained from our system is clearly distinguish- 
able from 10-hydroxy-BP, although its properties resemble those expected 
of a monohydroxy-BP. However, upon methylation with methyl] sulfate 
in alkali, our F, band yielded appreciable amounts of 8-methoxy-BP in 
addition to the unidentified material we refer to as methylated F;. This 
appears to support the concept of Weigert and Mottram that F; is an acidic 
conjugate of 8-hydroxy-BP. 


- SUMMARY 


The enzymatic hydroxylation of 3,4-benzpyrene (BP) by fortified rat 
liver homogenates has been described. This benzpyrene hydroxylase is 
heat- and trypsin-labile, is localized in the microsomes, and requires re- 
duced tri- and diphosphopyridine nucleotide (TPNH and DPNH) and 
oxygen for maximal activity. The major derivatives of BP formed by 
this enzyme system are 8-hydroxy-BP, 10-hydroxy-BP, an unidentified 
compound which is probably the metabolite designated as F,; by Weigert 
and Mottram, and more polar unidentified metabolites. Small quantities 
of BP-5,8-quinone, BP-5,10-quinone, and 5,8-dihydroxy-BP were also 
formed. 

The intraperitoneal injection of 0.1 to 1 mg. of BP or of certain other 
polyeyclic aromatic hydrocarbons into weanling male rats caused a rapid 
increase in the hepatic benzpyrene hydroxylase activity to about five to 
ten times the control value by 24 hours. Several experimental approaches 
indicated that the increase in activity was the result of induced enzyme 
synthesis. In particular, the response to.the BP could be prevented by 
the administration of ethionine. The effect of ethionine was nullified by 
the simultaneous administration of methionine. 
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The mammalian peroxidase, lactoperoxidase, was first isolated in a 
crystalline form by Theorell et al. (1, 2). Their procedure for isolation 
and purification was not considered reliable and gave poor yields (3). It 
is interesting to note that the enzyme could be isolated from milk in the 
spring time but not from milk collected during the winter months. 

More recently, Polis and Shmukler (4) detailed a more reliable method 
which gave much better yields. This later procedure, in which displace- 
ment chromatography was employed, enabled the investigators to isolate 
lactoperoxidase from winter or spring milk. Upon electrophoresis of the 
peroxidase, these investigators obtained two forms of the enzyme from 
winter milk and only a single form of the enzyme from spring milk. The 
two forms of the enzyme not only differed in their mobility upon electro- 
phoresis, but were also distinguished by spectra and different turnover 
numbers. 

This paper will report a new method for the isolation of lactoperoxidase 
based on the adsorption of the enzyme on the carboxylic acid resin IRC-50. 
This relatively simple procedure gives high yields of purified enzyme. 
Upon purification by column chromatography on the ion exchange resin, 
two forms of lactoperoxidase could be isolated in addition to the red pro- 
tein fraction which was obtained in other isolation procedures (1, 2, 4). 


EXPERIMENTAL 


500 mg. of rennet! per liter were added to fresh unpasteurized skim 
milk? at 37°. The rennet was allowed to act for 1 hour at this temper- 
ature and the resulting casein precipitate was removed by filtration through 
shroud cloth and glass wool. The pH of the yellow-green cloudy filtrate 
(whey) solution was adjusted to 7.0, and 10 gm. of the NH, form of the 


* This research was supported, in part, by grant No. H1322, National Heart Insti- 
tute, National Institutes of Health, United States Public Health Service, and by the 
Jane Coffin Childs Memorial Fund for Medical Research, grant No. 111. 

'Rennet powder, N.F. 

2 Fresh unpasteurized skim milk was supplied through the courtesy of the Genesee 
Valley Cooperative, Inc., Rochester, New York. 
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resin’ dried in air were added to each liter of solution. The mixture was 
stirred for 3 hours at room temperature, and the resin was then removed 
by filtration on a Biichner funnel through coarse filter paper and washed 
with about 20 liters of distilled water until the filtrate was clear. The 
elution of the enzyme from the resin was accomplished by either a batch 
or a column procedure. 

Batch Procedure—Batch elution of lactoperoxidase from the resin was 
accomplished by adding 75 ml. of cold 1.0 Mm Ke2HPQ, to the resin and allow- 
ing the mixture to stand at 2° for 1 hour. Five to six successive elutions 
of 50 ml. each brought the total volume of the pale green eluate to 300 to 
400 ml. The lactoperoxidase was completely precipitated from this solu- 
tion by slowly adding, with constant stirring, solid ammonium sulfate to 
a concentration of 4 mM. Attempts at fractional precipitation to remove 
foreign protein and achieve further purification at this point were unsuc- 
cessful, since the peroxidase was partly precipitated even at lower molar- 
ities, with only minimal increase in purification. The gray slimy precipi- 
tate from the ammonium sulfate solution was separated by centrifugation 
at 13,000 * g for 1 hour at 2°. The supernatant fluid, which contained 
no peroxidase, was discarded. The precipitate was dissolved in 20 to 25 
ml. of 0.01 m phosphate buffer, pH 5.7, and then dialyzed against 250 ml. 
of this same buffer in the cold for 48 hours, with four changes of the buffer 
solution. The crude lactoperoxidase solution, dark green in color, was 
now ready for further purification by chromatography. 

Column Procedure—In the alternate procedure, a glass tube 60 X 3 cm. 
diameter was filled with the resin to which the peroxidase was adsorbed. 
The enzyme was then eluted from this column with 1.0 mM K2,HPO, at 2°. 
As the phosphate solution moved down the column, a dark green band 
descended, followed by a light green band that had a distinct pink tinge. 


3100 gm. of commercial form of XI¢-64 were stirred in 2.5 liters of 2 N ammonium 
hydroxide for about 0.5 hour. The resin was allowed to settle and the supernatant 
fluid was decanted. The procedure was repeated with a fresh 2.5 liters of ammonium 
hydroxide. The resin was washed with distilled water to remove excess ammonium 
hydroxide. This required about five washings (by decantation) with 5 liter portions 
of distilled water. The resin was then treated with 2.5 liters of 2 nN hydrochloric 
acid. The hydrochloric acid-treated resin can be separated from the supernatant 
fluid on a Biichner funnel. The hydrochloric acid treatment was repeated a second 
time and the resin was washed with distilled water on the funnel until free from 
excess acid. The resin was converted to the ammonium form by 3 liters of the 2 N 
ammonium hydroxide for the first wash and 2.5 liters for the second wash. After 
three washings with distilled water as indicated above, the resin was suspended in 
distilled water and stirred to a homogeneous suspension in a 3 liter beaker filled with 
water. The resin was then allowed to settle for about 12 minutes. The water con- 
taining the fine particles of resin was then decanted. This procedure was repeated 
until all the resin settled in 15 minutes. The resin was then partially dried on a 
Biichner funnel and spread on paper to dry in air. 
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Almost all of the enzyme, as represented by the green bands, could be 
collected within 100 ml. of the eluate, which can then be prepared for 
further purification by dialyzing against 0.01 m phosphate buffer, pH 
5.7, as described previously. 

Further Purification by Column Chromatography—A 30 X 1 cm. diam- 
eter column was prepared by pouring a suspension of the resin in 0.01 m 
phosphate buffer, pH 5.7, into the glass tube plugged with glass wool. 
The buffer was allowed to flow through the column at 10 ml. per hour for 
about 12 hours. A 25 ml. portion of the enzyme in the 0.01 m buffer was 
then allowed to flow into the column at the same rate, which resulted in 
adsorption of the peroxidase. Colorless extraneous protein was eluted 
from the column with the same buffer until the effluent was protein-free 
as judged by readings at 280 my. Subsequently, the material on the col- 
umn was eluted in a stepwise fashion at the same rate of flow with the 
following phosphate buffers in the order listed: at pH 5.7, 0.1 mM, 0.2 m, 
0.4 mM; at pH 7.0, 0.4 m. The volumes of each buffer solution used are 
noted in Fig. 1. The eluates were collected in 3 to 4 ml. fractions by 
means of an automatic fraction collector and the optical densities at 280, 
310, and 412 my were determined for each fraction with a Beckman DU 
spectrophotometer. 

Enzyme Activity—The peroxidase activity of milk, whey, and the var- 
ious eluates was determined by the guaiacol assay method of Chance and 
Maehly (5). Since more highly purified solutions of the enzyme tend to 
lose activity rapidly on dilution, it was necessary to dilute such solutions 
immediately before use in the assay. An enzyme unit was defined as the 
reciprocal of the time necessary for a fixed amount of tetraguaiacol to be 
formed under the conditions of the test. 

Paper Electrophoresis—The apparatus employed for paper electrophoretic 
studies was essentially that described by Kunkel and Tiselius (6). Vero- 
nal buffer, pH 8.6, and ionic strength of 0.05 were used. The electro- 
phoretic runs were made at room temperature with a field strength of 
about 10 volts per cm. for 6 to 8 hours. The proteins were located by 
staining the paper with bromophenol blue. 


Results 


Table I shows the volume and recovery of the enzyme at each step of 
the preparation. About 25 per cent of the activity was lost during the 
casein precipitation step, but it was noted that the activity tended to dis- 
appear rapidly from the remaining whey solution when it stood at room 
temperature for more than a few hours, and, even under refrigeration, 
activity fell off considerably. Thus, at the end of 3 days storage at 2°, 
only one-half the activity remained and further storage for 4 more days 
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resulted in activity of only one-third the initial value. Concomitant with 
these losses was a decrease in the pH of the whey solution from an initial 
value of 7.2 to 6.3 and then to 4.5. This suggested that the decrease in 
enzyme activity was due to the action of microorganisms, which seemed 
to make impractical the adsorption of the enzyme from the whey solution 
on to a column of the resin. During the relatively prolonged passage of 
the material through the column, sufficient fermentation occurred to give 
rise to the formation of gas pockets which led to decreased and irregular 
flow in the column. 


TABLE I 
Lactoperoxidase Isolation and Recoveries 


Stage of procedure Volume a 
ml. per cent 
Milk 10,000 100 
Whey 8, 500 73 

Batch procedure | Crude resin eluate 345 46 
- enzyme (after di- 19 22 
alysis) 

Combined eluates (from 700 19 
column) 

Column procedure | Crude column eluate 185 44 
enzyme (after dialy- 209 32 
sis) 

Combined eluates (from 600 27 
column) 


A study of several different buffers showed that 1.0 M Ke2HPO, was an 
effective eluting agent and was more efficient at 2° than at 25°. Several 
successive elutions were employed, and even after five or six elutions the 
enzyme was still present in the eluate, though in low concentrations. 

In the precipitation of the enzyme from the eluates with ammonium 
sulfate, it was noted that, unless the enzyme solution was stirred constantly 
during the slow addition of solid ammonium sulfate, there was a large loss 
of enzyme activity. Upon dialysis of the enzyme solution, there was 
generally a small loss of activity, a fact which has been noted by others 
working with this enzyme (4, 7). 

The alternative method of eluting the enzyme from the resin in a column 
increased the recoveries somewhat and provided a quicker and more efh- 
cient way of obtaining the crude peroxidase preparation. In the column 
procedure almost all of the activity was concentrated in a relatively small 
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volume of solution, which could then be dialyzed against the 0.01 m buffer, 
avoiding the tedious precipitation and centrifugation required in the batch 
procedure. 

Fig. 1 records the spectral data and enzymatic assays of the various 
fractions from the column chromatography of lactoperoxidase. At pH 
5.6, the crude enzyme is adsorbed from the solution over the upper fifth 
of the column and can be seen as a diffuse green band. After the color- 
less extraneous protein has been washed out with 0.01 m buffer as described 
in the procedure, the green band is eluted with 0.1 mM buffer. Fig. 1 shows 
the absorbancy at 280, 310, and 412 my of each fraction collected. Con- 
siderable extraneous protein (280 my) is separated in the first 50 ml. of 
effluent before any enzyme appears in the collected fractions. A sharp 
increase in protein (280 my) coincides with increased hemoprotein (412 
mu) concentration. After 375 ml. of effluent have been collected, the 
effluent has a very low absorbancy at 412 and 280 mu. The molarity of 
the buffer is then doubled and a considerable amount of protein (280 my) 
is eluted with the last traces of the hemoprotein (412 mu). The peak at 
400 ml. is not considered to be a separate hemoprotein, but the same hemo- 
protein, eluted by the stronger buffer. Doubling the buffer concentration 
again to 0.4 mM produces another, but smaller, rise in the absorption of the 
effluent at 280 my, with no increase at 412 my, although there is an increase 
of absorption of these fractions at 310 my. These fractions with higher 
absorbancy at 310 my are colored pale red or pink. 

Finally, raising the pH of the buffer to 7.0 elutes a narrow green band 
which had remained at the top of the column. As this last green band 
descends the column, it spreads out somewhat and is overlapped by a 
faint trailing pink band. The absorption at 310 muy rises sharply in those 
fractions which contain the red protein (450 and 700 ml. regions). 

The results of further efforts to evaluate the chromatographic procedure 
are also shown. In Fig. 1 are plotted (a) enzyme units per ml., (b) ratio 
of enzyme units to optical density at 412 my, and (c) the ratio of the ab- 
sorptions at 412 to 280 mu. The absorption at 412 my is essentially due 
to the prosthetic group of the hemoprotein. The ratio of enzyme units 
to the absorption at 412 my is then an index of the activity per hemin 
moiety. The absorption at 280 my has been used to estimate protein 
concentration. The ratio of the optical densities at 412 and 280 my is 
considered as an index of the purity of the enzyme. 

It is apparent that the peroxidase activity appears in two fractions and 
that the activity parallels the fractions indicated by the absorption at 
412 mu. The uppermost plot of Fig. 1 demonstrates that the ratio of 
activity units to optical density at 412 my Is essentially a constant for the 


"ith 
tial 
in 
1ed 
ion 
of 
ive 
lar 
ty 
an 
al 
he 
m 
ly 
SS 
as 
n 
- 


ABSORBANCY 


772 


first peroxidase eluted. It will be noted that the fraction eluted last at- 
tains a 25 to 50 per cent higher ratio than the first fraction. Although 
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Fig. 1. Purification of lactoperoxidase by chromatography on a1 X 30cm. column 
of Amberlite IRC-50. The absorbancies at 412, 310, and 280 mp were measured as 
described in the methods for each fraction collected. The activity was determined 
as indicated in the text on fractions pooled as shown on the graph. All ratios in the 
top portion of the figure were calculated from data given in the lower two graphs. 
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the ratio 412 to 280 muy is constant for each enzyme fraction, little signifi- 
cance can be placed on this ratio for the second peroxidase eluted other 
than to note that this fraction contains a large amount of extraneous pro- 
tein. 

The paper electrophoretic mobilities of the crude enzyme preparations, 
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Fig. 2. Absorption spectra of lactoperoxidase (dotted line), lactoperoxidase-H2O2 
complex (8.2 10-3 m (dashed line), and lactoperoxidase reduced with Na.S2O, 
(solid line). ¢€ = logio ((J0/Z)/c.1). ¢ = molar concentration of enzyme; based on 
iron analysis obtained by employing the procedure outlined by Polis and Shmukler 
(4),1 = optical light path in em. 


as well as those of the various purified chromatographic fractions, were 
compared. The electrophoretic studies employed Veronal buffer, pH 
8.6, ionic strength of 0.05. Four proteins could be identified in the crude 
enzyme preparation, one of which moved toward the cathode while the 
others moved toward the anode. The protein fraction which was first 
eluted from the column moved most rapidly toward the anode, followed 
by the first peroxidase fraction. The red protein had a mobility between 
those of the two peroxidases, which is the same relationship noted in the 
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elution from the column. The purified fractions could be identified with 
corresponding components in the crude enzyme preparation. 

Fig. 2 shows the absorption spectrum of the purified lactoperoxidase 
solution in the region 400 to 600 mu. In this region the peroxidase shows 
peaks at 412, 500, and 550 mp. Not shown in Fig. 2 are additional maxima 
at 230, 280, 600, and 635 mu. 

The spectra of lactoperoxidase, many of its derivatives, and HzO. com- 
plexes have been reported (3, 4, 7-10). Although the absorption maxima 
of the reduced form of the enzyme (3, 4, 9) were included, the visible spec- 
trum has not been published. 

The spectrum of the enzyme reduced with Na2S.O, has maxima at 445, 
564, and 597 mu. Either bubbling air through the solution of the reduced 
enzyme or adding H.O:2 causes an immediate shift to the oxidized form. 

Fig. 2 also shows the extinction coefficients in both the visible and soret 
regions of the hydrogen peroxide-peroxidase complex, with maxima at 
427, 549, and 589 my. The complex is stable under the conditions employed 
for at least 10 minutes. 


DISCUSSION 


The procedure outlined for the isolation of the lactoperoxidase has a 
number of advantages. It requires relatively few manipulations and gives 
high yields. This method can be applied equally well to small or large 
preparations of the enzyme. 

A comparison of column chromatographic procedures employed in the 
purification of lactoperoxidase indicates that the ion exchange procedure 
has a number of advantages over the displacement chromatography em- 
ployed by Polis and Shmukler (4). With use of calcium phosphate as 
an adsorbent, they were able to separate the lactoperoxidase from a red 
protein fraction. It was only upon electrophoresis of such preparations 
that the two peroxidases could be separated. The ion exchange column, 
in contrast, was able to separate the red protein as well as the two forms 
of the enzyme. 

It was because of electrophoretic mobilities that Polis and Shmukler 
(4) labeled the peroxidases A and B. The enzyme with the greatest mo- 
bility at pH 5 was designated as lactoperoxidase A and the slower com- 
ponent as lactoperoxidase B. Generally, the strength with which proteins 
are adsorbed on an ion exchange resin is related to their electrophoretic 
mobilities (11-13). This proved to be the case with the lactoperoxidases. 
At pH 5.7, the fastest moving component, lactoperoxidase A, would have 
the greatest positive charge, and consequently would be the most firmly 
held to the acidic column. Lactoperoxidase B would be less positively 
charged and consequently the first protein to be eluted. Conversely, 
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upon electrophoresis above the isoelectric point of the proteins, at pH 8.6, 
the B enzyme has the greatest mobility and the A enzyme is close to its 
isoelectric point. 

The absorbancy ratio at 412 to 280 mu for Theorell’s preparation and 
for the B enzyme of Polis and Shmukler (4) is given as 0.77. In the 
present study, the enzyme as eluted from the purification column has a 
ratio of 0.72. When the procedure for crystallization given by the earlier 
workers (4) was followed, the ratio was raised to about 0.8 and poorly 
formed crystals were obtained. 

Little effort was made to purify the second peroxidase fraction eluted, 
although preliminary results indicated that, at molarities lower than 0.4 
m at pH 7, this fraction could be further separated into colorless protein, 
a green lactoperoxidase fraction with a greatly increased absorbancy ratio, 
and another red protein. 

As increasingly sensitive methods for the separation of proteins have come 
into use, it has become more evident that many proteins which apparently 
have similar biological functions occur in more than one form (11, 14-18). 
It has been suggested (4) that the two different forms of lactoperoxidase 
could be due to oxidation of aromatic groups or to unmasking of dissoci- 
able end groups, with the implication that lactoperoxidase A is the natur- 
ally occurring form and lactoperoxidase B at least partially altered. These 
suggestions are based on results of electrophoretic, spectral, and kinetic 
differences between the two forms of the enzyme. The underlying assump- 
tion is that the more active enzyme is the more native protein. More 
recently, it has become apparent that a protein may be degraded consider- 
ably and still retain its enzymatic function. In the case of the lactoper- 
oxidases, the enzyme which was eluted first from the column, the B com- 
ponent of Polis and Shmukler (4), has the lower enzymatic activity per 
hemin moiety and the lower absorbancy ratio, 412:280 my. Since in 
both studies artificial substrates were used, it may well be that the B form 
of the enzyme, which the spectral ratio indicates has more protein per 
hemin moiety, has the greater enzymatic specificity. In this sense, the 
B component may be the more native protein. This could readily be 
tested if the true intracellular substrates for this enzyme were established. 
The theory that the B component is native is strengthened by the fact 
that it was the major component found in the present study of winter 
milk and was the only component isolated from spring milk by earlier 
workers (2, 4). 

Another possibility is that both hemoproteins are native proteins and 
the lactoperoxidases are another example of inherited biological devia- 
tions. In this respect, the lactoperoxidases may be similar to hemoglobin, 
a hemoprotein known to occur in many forms in both man (14) and other 
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animals (19). Since all studies performed up to this time have employed 
pooled milk as the starting material, it is not yet possible to determine 
whether each animal produces both forms of the enzyme. 


SUMMARY 


A relatively simple procedure for the isolation and purification of the 
enzyme lactoperoxidase is described. The method employs the ion ex- 
change resin IRC-50 (XE-64) to obtain directly a crude preparation of 
the enzyme from a whey solution of fresh unpasteurized skim milk. The 
crude enzyme is then purified by ion exchange chromatography. Two 
enzymatically active forms of the enzyme and a red protein are separated 
by this procedure. Absorption spectra of the enzyme, its hydrogen per- 
oxide complex, and reduced form are given. 
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Reports from several laboratories have shown that cats display a pecul- 
iar tryptophan metabolism as compared with other mammals. In 1941, 
Kotake and Nakayama (1) reported that L-kynurenine could be quantita- 
tively converted to anthranilic acid when incubated with cat liver prepara- 
tions. Gordon, Kaufman, and Jackson (2), on the other hand, found no 
kynurenic acid in urine of cats even when tryptophan was added to the 
high protein diet on which the animals were kept. Lepkovsky and Niel- 
sen (3) and Miller and Baumann (4) showed that pyridoxine-deficient 
rats excreted large amounts of xanthurenic acid; however, Carvalho da 
Silva, Fried, and de Angelis (5) were unable to find xanthurenic acid in 
urine of pyridoxine-deficient cats even when supplemental doses of trypto- 
phan were fed in the diet. Furthermore, they showed that L-tryptophan 
was not effective in relieving the avitaminosis symptoms of niacin-deficient 
cats in contrast to observations in other species (6). Previous studies in 
this laboratory (7) have shown that cats fed a high protein diet supple- 
mented with single doses of L-tryptophan did not excrete any appreciable 
amount of most of the known metabolites of this amino acid. Only 0.07 
per cent of the administered dose of tryptophan could be accounted for 
in the urine as the metabolites measured. Apparently, therefore, the 
cat has an active kynureninase, but is unable to use tryptophan in place 
of niacin and does not excrete significant quantities of the usual urinary 
metabolites of tryptophan. 

The present work deals with measurements in vitro of the activities of 
some of the enzymes involved in tryptophan metabolism in an effort to 
explain the absence of tryptophan metabolites in cat urine. The enzymatic 
studies of Mason and Berg (8, 9) and of Knox and Mehler (10) served as 
valuable guides in the development of these studies. ‘The enzymes com- 
pared in cats and rats were tryptophan peroxidase, kynureninase, kynure- 
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nine transaminase, and the system which forms 3-hydroxykynurenine 
from kynurenine (11) for which the name kynurenine hydroxylase is pro- 
posed. It was found that homogenates of cat liver were considerably less 
active in tryptophan peroxidase and kynurenine transaminase than were 
those of rat liver. Kynureninase activities were similar in both species 
although mitochondria of cat liver were more active than those of rat 
liver in the hydroxylase. The urinary excretion of tryptophan metabolites 
by cats is discussed in light of these findings in vitro. 


EXPERIMENTAL 


Animals—Adult male rats of the Holtzman strain, maintained on a dog 
chow diet,' were used throughout the experiments. Adult cats were pur- 
chased from local dealers and were fed a diet of commercial canned dog 
food.? 

Materials—The tryptophan metabolites used were those described pre- 
viously (7, 11). Triphosphopyridine nucleotide (TPN), glucose 6-phos- 
phate, and glucose-6-phosphate dehydrogenase were purchased from the 
Sigma Chemical Company. a-Ketoglutaric acid was obtained from the 
Nutritional Biochemicals Corporation, and pyridoxal phosphate was ob- 
tained from the California Foundation for Biochemical Research. 

Tissue Preparations—Only redistilled water from an all-glass still was 
used to make solutions. The animals were killed by exsanguination after 
being stunned by a blow on the head. The tissues were removed quickly 
and chilled in ice-cold 0.25 M sucrose solution and subsequent manipula- 
tions were carried on in the cold. Tissue homogenates were prepared in 
0.25 m sucrose by use of an all-glass Potter-Elvehjem homogenizer. Tissue 
fractions were prepared according to the method of Schneider (12) with 
slight modifications. Nuclei were washed once with sucrose solution 
and the wash liquid was added to the supernatant fluid. Mitochondria 
were washed three times, the first time with a small amount of sucrose 
solution, usually one-fifth of the original volume, and the washing liquid 
was added to the supernatant fluid. The last two washings of mito- 
chondria were carried out with large amounts of sucrose solution, and the 
wash liquid was discarded. The microsomes were not washed. All the 
fractions were made up to a final volume corresponding to a 20 per cent 
(w/v) suspension of fresh tissue. An International refrigerated centrifuge 
with a multispeed attachment was employed in the fractionation. 


Assay of Enzymes 


Incubations were carried out in stoppered 25 ml. Erlenmeyer flasks, 
shaken in a water bath at 37° with air as the gas phase. All the flasks 


' Friskies, the Carnation Company, Milwaukee, Wisconsin. 
* Red Heart, John Morrel and Company, Ottumwa, Iowa. 
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were made to a final volume of 3.0 ml. with water. After 90 minutes 
incubation, 1.0 ml. of 16 per cent trichloroacetic acid was added to each 
flask. The precipitate was removed by centrifugation, and the clear 
supernatant solution was kept frozen until analyzed. Flasks were run 
in duplicate and a zero time flask was included in each group of determi- 
nations. In all cases the activity of the enzyme was proportional to the 
amount of tissue added and increased linearly with time for at least 90 
minutes. The enzyme activities were expressed as micromoles of metab- 
olite formed per hour per gm. of fresh tissue. 

Preliminary studies on the intracellular localization of the enzymes 
concerned showed that tryptophan peroxidase was located in cat liver 
supernatant fluid as found by Knox and Mehler (10) for rat liver. Ky- 
nureninase of rat and cat liver and kidney was located only in the super- 
natant fractions, whereas kynurenine transaminase was present in both 
the mitochondrial and supernatant fractions of these tissues. Therefore, 
whole homogenates were used to assay for the total transaminase. Ky- 
nurenine hydroxylase was located in the mitochondrial fraction of liver 
and kidney of both species. 

Tryptophan Peroxidase Incubation Medium—.-Tryptophan, 5.0 umoles; 
0.05 m potassium phosphate buffer, pH 7.4; supernatant fluid from 20 per 
cent (w/v) liver homogenate, 2.0 ml. 

Kynureninase Incubation Medium—tu-Kynurenine, 5.0 umoles; pyridoxal 
phosphate, 40 y; 0.05 m potassium phosphate buffer, pH 7.4; supernatant 
fluid from 20 per cent (w/v) tissue homogenate, 2.0 ml. 

Kynurenine Transaminase Incubation M edium—t-Kynurenine, 5.0 pmoles; 
pyridoxal phosphate, 40 y; a-ketoglutarate, 30 umoles; 0.05 mM potassium 
phosphate buffer, pH 7.4; 10 per cent (w/v) whole homogenate, 2.0 ml. 

Kynurenine Hydroxylase Incubation Medium—t-Kynurenine, 5.0 umoles; 
triphosphopyridine nucleotide (TPN), 1.3 wmoles; 0.02 M nicotinamide; 
0.004 mM magnesium chloride; 0.001 m Versene ((ethylenedinitrilo)tetra- 
acetic acid); 0.05 M potassium phosphate buffer, pH 7.4; 0.001 m cysteine; 
glucose-6-phosphate dehydrogenase, 0.4 Kornberg unit; glucose 6-phos- 
phate, 10 wmoles; mitochondrial suspension, equivalent to 400 mg. of wet 
weight of tissue. 

Quantitative Estimation of Metabolites—Kynurenine and kynurenic acid 
were measured spectrophotometrically by a modification of the procedure 
of Miller, Tsuchida, and Adelberg (13), and anthranilic acid by the method 
of Mason and Berg (9). Hydroxykynurenine was estimated colorimetri- 
cally by a modification of the nitrous acid method described previously 
(14). To duplicate colorimeter tubes, 0.3 ml. of the deproteinized sample, 
1.0 ml. of 1.0N HCl, and water, to a total volume of 3.0 ml., were added. 
Standard curves were run in a similar manner with hydroxykynurenine 
(10 to 40 y) added to 0.3 ml. of the deproteinized sample. Blank tubes 
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contained all materials, except that 0.2 ml. of water was used in place of 
0.2 ml. of sodium nitrite solution. Optical density was measured at 390 
my at which under these conditions the hydroxvkynurenine-nitrous acid 
product showed maximal absorption. 

In addition to the quantitative measurements, qualitative paper chro- 
matograms were made in all cases to check the course of the enzyme reac- 
tions (11). 

RESULTS AND DISCUSSION 

The high kynurenine hydroxylase activity found in cat liver mitochon- 
dria together with the very low levels of kynurenine transaminase and the 
absence of kynureninase in these cytoplasmic particles presented a conven- 
ient system for study of the hydroxylase system. The use of a glucose-6- 
phosphate dehydrogenase system to maintain a supply of TPNH almost 
completely eliminated the formation of kynurenic acid, which was undoubt- 
edly favored by the production of keto acids from the metabolism of citrate 
used in earlier studies on kynurenine hydroxylase (11). 

Hydroxylation of kynurenine was not detectable if glucose 6-phosphate, 
its dehydrogenase, or TPN was omitted. Versene and cysteine were not 
necessary for hydroxylation, but together they caused about 50 per cent 
stimulation in activity, presumably due to their protection against heavy 
metal contamination and preservation of sulfhydryl groups. Versene or 
cysteine had no effect on the rate of TPNH formation by the dehydro- 
genase. Glutathione (0.001 M) stimulated the hydroxylation reaction 20 
per cent and cyanide (0.005 mM) 20 to 50 per cent, probably by preventing 
the loss of TPNH through the cytochrome system, although no evidence 
was obtained to suggest that production of TPNH was limiting. The addi- 
tion of more glucose 6-phosphate or its dehydrogenase had no significant 
effect. Ferrous ion (0.001 mM) inhibited 20 to 50 per cent but a,a’-dipyridyl 
(0.001 M), catalase (2 mg.), hydrogen peroxide (0.005 M), ascorbic acid 
(0.004 m), sodium diethyldithiocarbamate (0.001 M), anthranilie acid 
(0.0033 mM), 0-aminohippuric acid (0.0033 mM), and xanthurenic acid (0.001 
M) had no effect on the amount of hydroxykynurenine formed by the rat 
liver mitochondria system. 

The results of the comparative enzyme measurements are presented in 
Table I. The tryptophan peroxidase system was found to be about one- 
third as active in cats as in rats and the kynureninase activity Was about the 
sume in both species. Tryptophan peroxidase was not detectable in kid- 
ney of either species. Kynurenine transaminase was very active in the 
rat tissues but was relatively inactive in the cat tissues. Kynurenine hy- 
droxylase, on the other hand, was almost twice as active In cats as in rats, 
both in liver and kidney. As much as 40 to 66 per cent of the added ky- 
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nurenine was hydroxylated by cat liver mitochondria under the conditions 
of incubation. On paper chromatograms, the only spots which reacted 
with diazotized sulfanilie acid were 3-hydroxy-L-kynurenine and traces of 
xanthurenie acid. 


TABLE | 
Enzymatic Activities of Liver and Kidney Preparations from Cats and Rats 
The activities are expressed as micromoles of metabolite formed per hour per gm. 
of fresh tissue. The average values are given with the number of experiments in- 
dicated in parentheses. The range of values found is shown below the average. 
Compositions of the incubation media are given in the text. 


| 


Animal | Tissue preparation | | | 
Rat | Liver homogenate | | 4.70 (3) | 
| 4.00-5.90 
mitochondria 2.78 (7) 
| | 1.36-4.65 
supernatant fluid 0.90 (5) | 2.62 (4) | 
| -0.55-1.50  2.22-2.92 
Kidney homogenate | | 12.0 (4) | 
| | —11.1-12.8 
| a mitochondria | 1.28 (3) 
! | | 0.83-1.66 
| supernatant fluid | 0.50 (5) 
| 0.40-0.60 
Cat | Liver homogenate | (3) 
| | 0.39-0.60 
mitochondria | | 4.75 (3) 
| | 3.53-5.50 
‘supernatant fluid | 0.37 (4) 2.16 (5) 
| 0.23-0.45,  0.98-2.98 
| Kidney homogenate ! 0.36 (3) 
| 0.20-0.46 
mitochondria | | | 2.30 (3) 
| | | | 1.83-2.74 
0.43-0.88. 


The results presented here confirm and partially explain some of the 
observations reported in the literature on the urinary excretion of trypto- 
phan metabolites by cats and rats. According to the classical scheme of 
the metabolism of tryptophan along the kynurenine pathway (15), it is 
apparent that a low tryptophan peroxidase activity would supply a small 
amount of kynurenine for the subsequent metabolic pathways. The con- 
ditions of tryptophan peroxidase assay were probably not those for maxi- 
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mal possible activity since in mice, but not in rats, an added source of 
enzymatically generated hydrogen peroxide caused some stimulation of ac- 
tivity and less variability (16). Under the conditions of tryptophan per- 
oxidase assay used in this study, the cat liver activity was significantly 
less than that of rat liver; however, it is felt that the cat liver tryptophan 
peroxidase activity was not sufficiently low to account entireiy for the 
negligible amounts of kynurenine and its metabolites found in cat urine 
before or after dosage with L-tryptophan (7). Since in relation to the con- 
version of dietary tryptophan to niacin, the significant levels of enzymes 
would be those found in animals on normal diets, no enzyme studies were 
made with tissues from rats given the pharmacological doses of tryptophan 
used to stimulate tryptophan peroxidase adaptation (17). In the incuba- 
tion mixtures of tryptophan peroxidase, kynureninase, and kynurenine 
transaminase, it was possible to account for essentially all the substrate 
added as the metabolites measured and as unchanged substrate. This is an 
indication that the substrate was not being used through pathways differ- 
ent from those under consideration. In the case of the kynurenine hy- 
droxylase system it was possible to account for about 80 to 90 per cent of 
the added kynurenine, and it was not possible to identify any other metab- 
olite by paper chromatography besides 3-hydroxykynurenine and some- 
times traces of kynurenic acid and xanthurenic acid. Thus, at most, only 
small amounts of kynurenine could have been metabolized through un- 
known pathways, and only small amounts of the hydroxykynurenine formed 
could have decomposed non-enzymatically during the incubation. 

The low levels of kynurenine transaminase present in cat tissues is prob- 
ably the chief reason why no appreciable amounts of kynurenic acid or 
xanthurenic acid have been found in the urine of these animals. On the 
other hand, the active kynureninase present in both liver and kidney of 
cats would be expected to convert part of the kynurenine available from 
tryptophan to anthranilic acid, which may eventually be excreted as a 
conjugate. Kotake and Nakayama (1) also found high levels of kynuren- 
inase in cat liver. However, contrary to the claim of these workers, the 
enzyme did not show higher activity in cats than in rats in the present 
studies. A previous report (7) indicated that o-aminohippuric acid was 
the only tryptophan metabolite definitely present in cat urine, and this was 
present only in very low concentrations. The high activity of kynurenine 
hydroxylase in cat tissues suggests that perhaps a major portion of the 
kynurenine available from tryptophan may be metabolized through this 
pathway. Experiments performed in this laboratory? have shown that, 
when 3-hydroxy-pL-kynurenine was incubated with extracts of cat liver 
acetone powder in the presence of Versene, o-phenanthroline, or a,a’-di- 


3 de Castro, F. T., Brown, R. R., and Price, J. M., unpublished data. 
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pyridyl (18, 19), 3-hydroxyanthranilic acid accumulated, as was expected 
from the kynureninase activity present. Moreover, when hydroxyanthra- 
nilic acid was incubated with cat liver tissue, it disappeared rapidly as 
shown by paper chromatography, and no other metabolite was identified 
under ultraviolet light or with diazotized sulfanilic acid. 

It seems, therefore, that in the metabolic sequence from tryptophan 
to 3-hydroxykynurenine in unadapted cats, the tryptophan peroxidase 
system may be, in part, a limiting step. The low kynurenine transaminase 
activity 1s probably not able to compete effectively with the other more 
active enzymes for the small amounts of kynurenine produced. The high 
activity of kynurenine hydroxylase in cats, as compared to the other en- 
zymes metabolizing kynurenine, suggests that the pathway to 3-hydroxy- 
kynurenine is an active one in this species. The observation that cat tis- 
sues can metabolize hydroxyanthranilic acid points to the availability of the 
metabolic process in this direction. The explanation of the low kynurenine 
transaminase in cats is not clear. Glutamic-oxalacetic transaminase in 
cat tissues was reported to be within the range of activities found in rats 
(20). Recently it was found (21) that kynurenic acid was converted to 
quinaldic acid by rats and humans. The role of this new pathway in the 
general picture of tryptophan metabolism is still to be studied. The re- 
sults presented here indicate that cats have appreciable activities of all of 
the enzymes needed for the conversion of tryptophan to 3-hydroxyanthra- 
nilie acid; hence, the explanation of the inability of cats to make niacin 
from dietary tryptophan is more likely to be found in the enzyme systems 
in metabolic sequences after 3-hydroxyanthranilic acid. 


SUMMARY 


A number of enzymes involved in tryptophan metabolism were studied 
comparatively in liver and kidney of cats and rats in an effort to explain 
the absence of tryptophan metabolites in cat urine. The activities and dis- 
tribution were measured for tryptophan peroxidase (liver supernatant 
fraction), kynureninase (liver and kidney supernatant fraction), kynurenine 
transaminase (mitochondria and supernatant fractions of liver and kidney), 
and kynurenine hydroxylase (mitochondria of liver and kidney). 

The ratio of activities in cat and rat tissues was for tryptophan peroxi- 
dase 0.4, for kynureninase 0.8, for liver kynurenine transaminase 0.1, for 
kidney kynurenine transaminase 0.03, and for kynurenine hydroxylase 
1.7. 

In view of the observed enzyme activities, it appears that tryptophan 
peroxidase is probably the initial slow step in the cat which results in limited 
production of kynurenine. The absence of detectable kynurenic and xan- 
thurenic acids in cat urine was probably a result of the very low activity 
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of kynurenine transaminase which competes unsuccessfully with the very 
active kynureninase and hydroxylase systems for the limited amount of 
kynurenine. 


No 
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THE PURIFICATION AND PROPERTIES OF MICROSOMAL 
CYTOCHROME REDUCTASE* 


By PHILIPP STRITTMATTER anv SIDNEY F. VELICK 


(From the Department of Biological Chemistry, Washington University School of 
Medicine, St. Louis, Missourt) 


(Received for publication, April 15, 1957) 


In earlier work (1) a DPNH)'-specific microsomal cytochrome reductase, 
liberated by alcohol extraction and partially purified, was identified in 
liver microsome fractions from rats and rabbits. Microsomal cytochrome, 
but not cytochrome c, was found to act as electron acceptor in the oxida- 
tion of DPNH catalyzed by the enzyme. Through a rapid cytochrome to 
cytochrome reaction, cytochrome c was reduced in this system when the 
microsomal cytochrome was added as an intermediate electron carrier. 
Although flavin was found in the preparations, the large amount of con- 
taminating protein made it impossible to determine conclusively whether 
the flavin was a prosthetic group on the reductase. The present report 
describes the isolation of this enzyme as an essentially homogeneous flavo- 
protein from calf liver microsomes by a new method. Measurements of | 
the molecular weight and physical properties, the characterization of the 
coenzyme and other active groups, analysis for possible metal cofactors, 
and studies of the general enzymatic properties of the reductase system are 
presented. The yield of microsomal cytochrome reductase establishes this 
enzyme as a major part of the socalled DPNH cytochrome c reductase in 
microsomes. 


Methods 


Most enzymatic assay systems were similar to those described previously 
(1-3), except that microcells? containing 0.2 ml. were used for aerobic and 
anaerobic measurements. All systems contained DPNH as electron donor. 


* This investigation was supported in part by research grants No. H-2768 and 
H-2732 from the National Heart Institute, Public Health Service. A preliminary 
account of this work has been submitted for publication. 

The following abbreviations are used: DPNH, reduced diphosphopyridine nu- 
cleotide; DPN, diphosphopyridine nucleotide; TPNH, reduced triphosphopyridine 
nucleotide; FAD, flavin adenine dinucleotide; FMN, flavin mononucleotide; Tris, 
tris(hydroxymethyl)aminomethane; EDTA, ethylenediaminetetraacetic acid; 
PCMBS, p-chloromercuribenzenesulfonate. 

* Aerobie microcells (0.50 ml.) were obtained from the Pyrocell Manufacturing 
Company. The anaerobic microcell is similar to the larger cell deseribed previously 
(3) with a microcell at the optical end. 
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When microsomal cytochrome was used as acceptor, cytochrome c was 
added to reoxidize the microsomal cytochrome. DPNH oxidation was 
followed at 340 my with other electron acceptors. For anaerobic systems 
Linde nitrogen was freed from residual oxygen by being passed through a 
vanadyl sulfate tower. Measurements were made with a calibrated Beck- 
man model DU spectrophotometer with use of the photomultiplier attach- 
ment to maintain small slit widths. For measuring activities during puri- 
fication and as a general standard of enzyme activity, the optical density 
change at 550 mu was followed at 25° in an aerobic silica microcell contain- 
ing 0.01 umole of DPNH, 0.001 umole of microsomal cytochrome, and 0.01 
umole of cytochrome c in 0.20 ml. of 0.1 mM Tris-acetate and 0.001 Mm EDTA 
at pH 8.10. The concentration of microsomal cytochrome, as shown be- 
low, is not optimal in this assay system, but the specific activity of any 
preparation was arbitrarily calculated from the micromoles of cytochrome 
c reduced per minute per mg. of protein in this standard system. 

Protein analyses were usually made by the colorimetric method of Lowry 
et al. (4), with crystalline bovine serum albumin as standard. p-Amino 
acid oxidase was carried to Step 4 of the method of Negelein and Brémel 
(5), and the Cy gel? used was prepared by the method of Willstatter, Kraut, 
and Erbacher (6). Microsomal cytochrome was isolated from calf liver 
essentially as described previously for preparation from rabbit liver (2). 
The initial suspensions of calf liver microsomes, however, were made as 
described below in Steps 1 and 2 of the preparation of microsomal cyto- 
chrome reductase. 

The various substituted indigo dyes were synthesized by Dr. P. W. 
Preisler; other dyes used were commercial preparations. The beef heart 
preparation of cytochrome c, PCMBS, FAD, FMN, riboflavin, DPNH, 
and TPNH were products of the Sigma Chemical Company. Cobra 
venom (Naja naja) was obtained from Ross Allen’s Reptile Institute. 


EXPERIMENTAL 


Preliminary Experiments 


Microsomes catalyze the reduction of added microsomal cytochrome by 
DPNH at 40 to 60 per cent of the rate at which cytochrome c is reduced. 
The specific microsomal cytochrome reductase (1) together with the large 
amount of microsomal cytochrome in the particles can therefore account 
for at least 40 to 60 per cent of the cytochrome ¢ reductase activity of mi- 
crosomes. A major problem in attempting to purify the microsomal cyto- 
chrome reductase was to find a procedure which would free the enzyme in 
a soluble form from the particles in good vield. This was achieved by in- 


* The Cy gel was a generous gift of Dr. R. K. Crane. 
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cubating calf liver microsomes with cobra venom at 37° and pH 6.55. Re- 
ductase was released continuously during this treatment in amounts di- 
rectly proportional to the time of incubation. At the end of 5 hours, over 
80 per cent of the enzyme had been freed in a soluble form. During the 
incubation the pH dropped to 5.9 to 6.1, indicating the release of acid 
groups. When the initial pH was raised to 7.3, the yield of reductase was 
only 20 to 40 per cent. Although a pH of 6.55 is within the pH range for 
maximal lecithinase A activity, it remains to be decided whether or not 
release of reductase from microsomes is due in part or entirely to the action 
of this hydrolytic enzyme of crude snake venom. 


Preparation of Microsomal Cytochrome Reductase 


Materials—Approximately 18 liters of sucrose media, containing 0.25 mM 
sucrose and 0.001 m EDTA at pH 7.6, are prechilled in a cold room at 5°. 
The calf liver, obtained fresh from the slaughterhouse, is chilled in ice within 
20 minutes after death of the animal and is used within 1 hour. All opera- 
tions, unless otherwise indicated, are carried out at 2—-5°. 

Step 1—2000 gm. of calf liver are passed through a cold meat grinder 
and then homogenized in approximately 150 gm. batches for 30 seconds in 
Waring blendors with a total of 6 liters of sucrose media. This suspension 
is then diluted with an additional 12 liters of sucrose media, filtered quickly 
through two layers of gauze, and passed through a Sharples centrifuge 
(12,000 X g) at the rate of 1 liter per minute. This removes red blood 
cells, nuclei, and unbroken cells, and yields 18 to 19 liters of supernatant 
fluid. The elapsed time for this procedure is about 1 hour. 

Step 2—The supernatant fluid from Step 1 is next passed through the 
centrifuge (12,000 X g) at a rate of 1 liter per 6 to 10 minutes to remove 
the largest portion of the mitochondrial fraction. The supernatant fluid 
(17 to 18 liters) is saved. 

Step 3—The supernatant fluid from Step 2 is brought to pH 5.35 by the 
dropwise addition of approximately 80 ml. of 1 N acetic acid. The pre- 
cipitate, obtained by centrifuging this suspension in the Sharples centrifuge 
(12,000 X g) at a flow rate of 1 liter per 6 to 10 minutes, is suspended in 
1500 ml. of 0.05 m Tris-acetate plus 0.001 m EDTA, pH 8.15, and stored 
overnight. 

Step 4—The suspension from Step 3 is brought to pH 5.35 with 1 N 
acetic acid and centrifuged for 7 minutes at 8500 X g. The precipitate is 
resuspended with 925 ml. of 0.05 m Tris-acetate plus 0.001 m EDTA, pH 
8.1. Slowly, 160 mg. of cobra venom in 50 ml. of 0.1 mM Tris-acetate plus 
0.001 m EDTA, pH 8.1, are added to the suspension, and the pH is ad- 
justed to 6.55 at 5° with 1 N acetic acid. (This pH is critical.) The prep- 
aration is then stirred gently at 37° for 5 hours, after which the suspension 
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is cooled to 5° in an ice bath and centrifuged at 8500 X* g for 20 minutes 
to yield approximately 1000 ml. of supernatant fluid containing the re- 
ductase. The pH of this solution is immediately brought to 8.4 with 1 ~ 
NaOH, to avoid loss of activity, and stored overnight. 

Step 5—The supernatant fluid from Step 4 is fractionated with solid am- 
monium sulfate. The pH is maintained at 8.4, measured at 5°, with 1 x 
NaOH. The protein precipitated between 45 and 85 per cent saturation 
with ammonium sulfate is centrifuged at 8500 X g for 10 minutes, dis- 
solved in approximately 100 ml. of 0.1 mM Tris-acetate plus 0.001 m EDTA, 
pH 8.1, and dialyzed against three 2 liter volumes of 0.1 M Tris-acetate 
plus 0.001 m EDTA, pH 9.1. The volume of dialyzed preparation is 160 
mil. 

Step 6—Two columns, 2 by 40 cm., which contain a mixture of 10 gm. of 
Celite and 40 ml. of Cy gel (15.56 mg. of dry weight per ml.), are washed 
with water and then with 0.1 mM Tris-acetate plus 0.001 m EDTA, pH 9.1. 
The dialyzed enzyme from Step 5 is then treated successively with 5 ml. 
portions of Cy gel, the mixture being stirred each time for 20 minutes and 
then centrifuged at 1000 X& g. Impurities, largely tan at first and then 
pink in color, are removed in this manner with about 25 ml. of gel and dis- 
earded. The reductase is then adsorbed on two 30 ml. aliquots of gel, 
each of which is stirred in the enzyme solution for 2 hours. The gel, con- 
taining the enzyme, is suspended in about 100 ml. of 0.1 mM Tris-acetate plus 
0.001 m EDTA, pH 9.1, 16 gm. Celite is added and one-half of the sus- 
pension is layered on each of the Cy gel-Celite columns. 

The columns are washed first with 70 to 80 ml. of 1 mM Tris-acetate, pH 
9.1 (24 hours under 4 feet of hydrostatic pressure), and then with 100 ml. 
of 1 m Tris-acetate, pH 9.1, containing 10 ml. of saturated ammonium sul- 
fate per liter (48 hours under 4 feet of hydrostatic pressure). By this time 
the reductase has moved to within 5 em. of the bottom of the column, 
forming a bright vellow band and leaving over 90 per cent of the protein 
in the upper part of the column. All except the lower 8 cm. of gel-Celite 
mixture is then removed from each column and the enzyme is eluted with 
1m Tris-acetate, pH 9.1, containing 20 ml. of saturated ammonium sulfate 
per liter. Two 10 to 14 ml. fractions of lemon-vellow reductase are ob- 
tained from each column and combined. 

Step 7-—-The reductase from Step 6 is fractionated with ammonium sul- 
fate. Increasing amounts of a saturated solution of ammonium sulfate 
(5°) are added to the reductase solution and the precipitate between 60 
and 85 per cent saturation is centrifuged and dissolved in 10 ml. of 0.1 M 
Tris-acetate plus 0.001 m EDTA, pH 8.1. This last stage of purification 
was also accomplished by preparative electrophoresis at pH 8.1. 

The reductase from Step 7 is between 90 and 100 per cent pure as judged 
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by several criteria (see below). A summary of the steps of a typical prep- 
aration is shown in Table I. The enzyme can be stored either in 0.1 M 
Tris-acetate plus 0.001 Mm EDTA, pH 8.1, for 1 week or in a 50 per cent 
saturated solution of ammonium sulfate, pH 8.1, for at least several weeks 
at 5° with negligible loss of activity. When frozen at —20° in varying 
concentrations of Tris-acetate from 10~* to 107' mM at pH 8.1, the reductase 
is stable for months. 


Properties of Microsomal Cytochrome Reductase 


Absorption Spectra—-F ig. 1 shows the absorption spectra of the micro- 
somal cytochrome reductase in the oxidized and reduced forms, with either 
excess DPNEI or sodium hydrosulfite as the reducing agent. The milli- 


TABLE 
Summary of Reductase Preparation 


Step No. Volume Protein | Total activity 
| ml. meg. moles per min. 
4 (cobra venom)... | 1050 S700 1.5 
5 (ammonium sulfate). 162 2300 | 9,700 4.2 
7 (ammonium sulfate)... . 10 24 3,250 136 


* Standard assay system as described under ‘‘Methods.’”’ [:xtraction with cobra 
venom leads roughly to a 15-fold purification of the enzyme over the level in whole 
microsomes. The over-all purification is approximately 1300-fold. 


molar absorption coefficients (#4) are based on flavin content as deter- 
mined by Dr. Helen B. Burch, with use of the method of Burch, Bessey, 
and Lowry (7). Since both reducing agents absorb in the 300 to 400 my 
region, the spectrum of the reduced enzyme is plotted only above 400 mu. 


The oxidized form of the reductase has absorption maxima at 273, 390, 


461, and 485 mu. While the first three are typical of flavoproteins, an 
absorption at 485 my as marked as that of microsomal cytochrome reduc- 
tase is not found in other eytochrome reductase spectra (8, 9). Theorell 
and Akeson (10), however, have recently reported a similar absorption 
maximum for old yellow enzyme. Both the 461 and 485 my absorption 
maxima disappear on DPNH or sodium hydrosulfite reduction. 
Identification of Prosthetic Group—The flavin prosthetic group could be 
split from the protein in three ways: (a) by heating at 90° for 5 minutes; 
(6) by precipitating the protein with ammonium sulfate at pH 1; or (c) 
by treatment with 7 per cent trichloroacetic acid. Each of these methods 
vielded, after centrifugation, a protein-free solution containing the flavin. 
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The spectrum of this flavin coincided quantitatively with that of FAD. 
On paper chromatograms, in a butanol-phosphate solvent system (11), 
the reductase flavin and FAD exhibited exactly the same relative mobility 
(Rr). The fluorescence of the reductase flavin at a neutral pH is 14 per 
cent of the fluorescence after trichloroacetic acid hydrolysis at 37° for 24 
hours. This is what would be expected for FAD (12). Finally, the re- 
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Fic. 1. Absorption spectra of oxidized and reduced microsomal cytochrome re- 
ductase. Optical density readings were taken at 5 my intervals over the entire wave 
length range and at 1 my intervals at each absorption maximum or minimum. The 
protein spectra were read at 5° in 0.1 mM Tris-acetate and 0.001 mM EDTA, pH 8.10. 
For reduction excess sodium hydrosulfite or 0.2 umole of DPNH per ml. was added. 
The control tubes contained the same buffer and the same amount of reducing agent. 
Emm Values were based on flavin analyses by the method of Burch, Bessey, and Lowry 
(7). For oxidized reductase, the Emmy values at 273, 390, 461, and 485 my are 71.3, 
11.7, 10.2, and 8.3, respectively; for reduced enzyme, at 461 and 485 mu, 2.6 and 2.1, 
respectively. 


ductase flavin fully reactivated p-amino acid oxidase apoenzyme with the 
same Michaelis constant (X,,) as FAD. In view of these data, the re- 
ductase flavin is assumed to be FAD. 

Reversible Removal of FAD—A number of procedures were examined 
for splitting FAD from the reductase to yield an apoenzyme which could 
be reactivated by added FAD. Some reversible splitting was achieved 
with acid ammonium sulfate precipitation (13). Table II shows that, when 
the reductase is brought to pH 2.8 in 66 per cent saturated ammonium 
sulfate at 0-5°, the protein which precipitated had only 8 per cent of its 
original activity. This activity was increased 2.5-fold to 20 per cent of 
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the original activity on the addition of 0.001 umole of FAD to the assay 
system. The addition of magnesium chloride with the FAD caused no 
further reactivation (see ‘‘ Metal analysis” and “‘ Discussion’’). 

Protein Analysis and Minimal Molecular Weight—Table III shows the 
minimal molecular weight of the reductase calculated from the Fins val- 


TABLE I] 
Reactivation of Acid Ammonium Sulfate-Precipitated Reductase by FAD 


Reductase preparation | Addition to assay system Total activity* | Recovery of activity 
pmole per 0.20 ml. per 

Aj None | 11.1 | 100 

Bt ! | 0.5 | 7.7 
Bt 0.001 FAD 2.2 | 19.8 
Bt | 60m « | 2.2 | 19.8 

1.0 MgCl, | | 


! 


* The standard assay system indicated under ‘‘Methods”’ was used. 

+ Preparation A was 82 y of microsomal cytochrome reductase. 

¢t Preparation B was the precipitate obtained at 0-5° by diluting Preparation A 
to 2.0 ml. with distilled water, adding 2.0 ml. of saturated ammonium sulfate, lower- 
ing the pH to 2.8 with 1 N HCI, adding 1.0 ml. of saturated ammonium sulfate, and 
centrifuging at 8000 X g for 10 minutes. 


TABLE III 


Minimal Molecular Weight Based on En. Values and Protein Concentration 


pmole per ml. mg. per mil. | mg. per mil. | 
l 0.0408 | 1.79 | 43,800 
2 0.0408 1.81 44,300 
3 | 0.0408 ! | 1.62 i 39 ,600 
4 0.0408 ! | 1.62 ! 39 , 600 


* Based on an En of 10.2 at 461 my for the oxidized form. 
+ By the method of Lowry e¢ al. (4). 


ues (oxidized) and the determination of the protein concentration by the 
method of Lowry et al. (4) and by dry weight. The protein samples were 
first dialyzed against glass-distilled water for 2 days at 5°. In the case of 
dry weight determinations, the samples were then dried in vacuo over phos- 
phorus pentoxide at room temperature and then at 110° in air to constant 
weight. Although these calculations are subject to the cumulative errors 
in Liam, in drying and weighing small samples, in all possible contamina- 
tion by salts and residual water, and in variations in color production by 
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the Lowry protein method, the results are in good agreement with those 
obtained from sedimentation and diffusion analysis, as described in the 
section on molecular weights. 

Sedimentation Coefficient—Two solutions of the reductase, 0.16 per cent 
protein in 0.2 M Tris-acetate, pH 8.27, at 5°, and 0.24 per cent protein in 
0.2 m Tris-acetate, pH 8.75, at 5°, sedimented as a single boundary in 
sedimentation runs at 5° in the analytical ultracentrifuge. The results at 
pH 8.27, corrected to an average rotor temperature at 20° in water, give a 
sedimentation coefficient, of 2.8 107" sec.~!. 

Diffusion Coefficient-—The diffusion coefficient was determined at 3.9° 
with a 0.16 per cent protein solution in 0.20 mM Tris-acetate, pH 8.27, at 
5°, in duplicate. Boundaries were formed in both limbs of a standard 
Tiselius electrophoresis cell (Klett) and, after compensation, were followed 
at intervals with Longsworth schlieren scanning photographs. Normal- 
ized curves at three time intervals fell within close limits on the Gaussian 
distribution curve. The diffusion coefficients, D3.9,., calculated by the 
maximal ordinate area method and by the method of moments (14), by using 
twelve time points, are 4.20 X 1077 and 4.27 K 1077 cm.? sec.~!, respec- 
tively. For molecular weight determination these measurements, made 
at 3.9°, were extrapolated to the conditions prevailing in water at 20°, 
giving a De» of 6.8 1077 em.? 

Partial Specific Volume—By the density gradient method (15) this quan- 
tity (V) was found to be 0.737 at 20°. 

Molecular Weight—The molecular weight of the reductase was calculated 
to be 38,400 by substituting the above quantities in the standard equation 
for molecular weight (14). 

Electrophoretic Analysis—A 0.24 per cent reductase solution showed a 
single sharp and symmetrical boundary for as long as 7 hours in experiments 
carried out in 0.20 m Tris-acetate at either pH 8.87 or 8.27 at 5°. At these 
two pH values the mobilities are —6.6 XK 107° and —1.5 X& 107° cm.’ 
volt—! sec.—', respectively. The reductase, therefore, behaves as a homo- 
geneous protein with a net negative charge in the pH range examined. 

Metal Analysis—Of a group of eleven metals tested, only magnesium was 
found in the reductase in more than trace amounts, approximately 2 moles 
per mole of flavin (Table IV). Iron, molybdenum, copper, manganese, 
silver, mercury, zinc, lead, cobalt, and nickel were present in concentra- 
tions of less than 0.1 of a mole per mole of flavin. The analytical methods 
used were microadaptations of colorimetric procedures (16, 17) and en- 
zymatic assay (18). For every metal, standards were run through the full 
procedure at concentrations from 0.1 to 10 times the amount that would 
be present in the reductase if it contained 1 equivalent of the metal.  In- 
ternal standards were also used for iron and molybdenum. Since mag- 
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nesium was found to be leached from glass in wet ashing procedures, the 
magnesium determinations were carried out after dry ashing. 

Sulfhydryl Group Analysis—The visible spectrum of the oxidized reduc- 
tase is unaffected by PCMBS. However, in the presence of this reagent 
the flavin is no longer reduced by DPNH. The quantitative nature of the 
effect is shown in Fig. 2. Here the reductase was assayed after the addi- 
tion of varying amounts of PCMBS. As can be seen, the addition of 
PCMBS leads to a proportionate inactivation of reductase and 1 equivalent 
almost completely inhibits 1 equivalent of reductase. Reoxidation of the 
reduced flavin is unaffected by PCMBS since the reductase, first reduced 


TABLE IV 


Analysis of Reductase for Magnesium 


[ | 
Reductase Flavin Method | Mg** | 
mg. umole | pmole | 

0.106 0.00265 Dry ash Eriochrome (16) 0.0037 

0.212 | 0.0053 | 0.0100 | 

0.212 | 0.0053 ato ie | 0.0096 | 1.81 

0.212 | 0.0053 Pyrophosphatase Qualitatively 

activationT | present 


* Dry ashing was carried out in a platinum crucible in an oxygen stream at 500- 
700°. 

| Magnesium was assayed in a microsystem with the pyrophosphatase assay pro- 
cedure described by Kunitz (18) with magnesium as the limiting factor. Blanks and 
a sample of protein before incubation gave no activity in this system. The crys- 
talline pyrophosphatase used was prepared in the laboratory of Dr. Kunitz. 


with excess DPNH and then treated with 1 to 10 equivalents of PCMBS, 
is rapidly reoxidized by potassium ferricyanide. 

Anaerobic Reductive and Oxidative Titrattons—Microsomal cytochrome 
reductase was titrated with DPNH and then reoxidized with aliquots of 
potassium ferricyanide in anaerobic microcells (see ‘‘ Methods” and Velick 
and Strittmatter (3)).. As shown in Fig. 3, each addition of DPNH or 
ferricyanide results in the same relative changes in both the 461 and 485 
my absorption peaks, and the curves also begin and end abruptly. The 
Bum caleulated from the slopes of these titration curves during reduction 
by DPNH or oxidation by ferricyanide give values of 6.9 and 7.4, respec- 
tively, at 461 mu, assuming a 2 electron change for the flavoprotein. The 
relatively small variation between the two values can be attributed to the 
difficulty in preparing and standardizing the dilute DPNH and ferricyanide 
and in excluding oxygen completely during the titration procedure. The 
observations above indicate that the absorption spectra for oxidized re- 
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ductase represent a single FAD protein spectrum and reveal no other oxi- 
dizable or reducible group. 

Oxidation-Reduction Potential—Excess DPNH (£)’, —0.35 at 30° and 
pH 8.1) (19) must be used to achieve more than 80 to 90 per cent reduc- 
tion of reductase flavin at pH 8.1. ‘Titration of a mixture of indigomono- 
sulfonate (Ho’, —0.21 at 25° and pH 8.1) (20) and reductase with DPNH 
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Fig. 2 3 


Fig. 2. Effect of PCMBS on reductase activity. To 0.00364 umole of reductase in 
0.1 m Tris-acetate and 0.001 M EDTA at pH 8.1 and 5° were added several 0.00095 
umole aliquots of PCMBS as shown. Immediately before the first addition and 
after each succeeding addition, a 0.01 ml. sample of reductase was removed and as- 
sayed in the standard assay system (see ‘‘Methods’’). 

Fic. 3. Anaerobic titrations of reductase by DPNH and ferricyanide. 0.0072 umole 
of reductase in 0.20 ml. of 0.1 m Tris-acetate and 0.001 m EDTA, pH 8.1, was placed 
in an anaerobic microcell (see ‘‘Methods’’) and made anaerobic. Additions of 0.01 
ml. of anaerobic solutions of DPNH and ferricvanide were made as shown and the 
optical density at 461 and 485 my was recorded after each addition. These values 
were corrected for volume change and then plotted as shown. 


results in only 5 to 10 per cent reduction of the reductase when over 90 per 
cent of the dye is reduced at pH 8.1. The oxidation-reduction potential 
(/’) of the reductase, therefore, probably lies between —0.33 and —0.25 
mv. at pH 8.1 and 25°. 

pH Optima—The pH-activity curve for the reductase system under 
standard assay conditions, with either microsomal cytochrome or ferri- 
eyanide as acceptor, is optimal between pH 5.5 and 8.2 as indicated pre- 
viously for crude reductase preparations (1). 

Llectron Donors—The enzyme is specific for DPNH; TPNH is inac- 
tive when substituted for DPNH as electron donor. 
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Maximal Rates and Apparent Michaelis Constants for DPNH and. Elec- 
tron Acceptors—Table V shows the maximal velocities (Vinax) and the ap- 
parent Michaelis constants (A,,) for several electron acceptors in the re- 
ductase system in 0.1 M Tris-acetate and 0.001 Mm EDTA at pH 8.1. These 
values, A», and Vinax, Were calculated from Lineweaver-Burk plots of 1/V 


TABLE V 
Km, Vmaz, and Mazimal Turnover Number Values 


Substance tested V max*® Km Reductase een DPNH Acceptor 
M umole per in. M M 
enzyme 
2.7 X 10°° 3.4 & 1077 0-2 X 10°° 5.5 & 
Microsomal cyto- 
chromeft........ 0.0053 X 10-5 3.4 10-7 15,600 6 K 0-5 X& 10°5 
Potassium ferri- 
cyanide.........| 0.0051 (2.2 K 1.6 K 1077 31,800 12 K 0-10~4 
Indigotetrasul- 
fonate.......... 0.0077 7 10°° 1.6 XK 10°*| 4,800 12 K 0-10~4 


System: aerobic, 25°, 0.20 ml. containing 0.1 mM Tris-acetate plus 0.001 m EDTA, 
pH 8.1, and the concentrations of reactants indicated. 

* Kither disappearance of DPNH at 340 my or cytochrome c reduction at 550 my 
was used to determine the rate of reaction. For microsomal cytochrome, when the 
concentrations of the oxidized form remained constant, rates were read each 15 
seconds and were linear for at least 2 minutes. With indigotetrasulfonate, initial 
velocities were used the first 15 seconds of reaction. In the experiments with low 
and changing amounts of DPNH and ferricyanide, the reaction was followed to 
completion. In the concentration range in which either reactant became limiting, 
the average velocity during each 15 second interval was plotted against the average 
concentration during this time interval. Excess DPN, varied over a 100-fold con- 
centration range, had no measurable effect on the velocities. 

t In systems in which microsomal cytochrome is acceptor, 0.01 wmole of cyto- 
chrome c was present to maintain the microsomal cytochrome in an essentially 
oxidized form. 


and 1/S in the usual way (21). The maximal turnover numbers were then 
calculated from the Vinax Values and the moles of reductase present. The 
K,, for DPNH with microsomal cytochrome as acceptor is also given. Re- 
action of the flavin with oxygen is 0.00025 times the rate observed with 
ferricyanide. | 
Inhibition of Reductase by Pyrophosphate, Citrate, and EDTA—Table V 

shows that reduction of microsomal cytochrome is inhibited by these three 
reagents. Pyrophosphate inhibition is also observed with ferricyanide or 
indigotetrasulfonate as electron acceptor, but the concentration of inhibi- 
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TaBLe VI 
Inhibition by Pyrophosphate, Citrate, and EDTA 


REDUCTASE 


Acceptor 


Microsomal cytochrome 


Ferricyanide 
Indigotetrasulfonate 


i 
Concentration of 


acceptor 


5x10 


5 xX 107° 


Inhibitor 


Pyrophosphate 


Citrate | 
KDTA 
Pyrophosphate 


se 


Concentration | 


of inhibitor | 


M 


0.01 
0.02 
0.01 


| 


0.20 


Per cent 
inhibition* 


47 
67 
30 
45 
64 
SU 
30 
75 


* Assay system was aerobic, at 25°, and in 0.20 ml. containing 0.1 mM Tris-acetate, 
pH 8.1, the acceptor and inhibitors indicated, 0.01 umole of DPNH, and reductase 
to give a conveniently measurable rate. When microsomal cytochrome was the 
aeceptor, 0.02 umole of cytochrome c was also present. 


Amicrosomar |B k3FeCN)g 

CYTOCHROME SULFONATE 

S Pyro. (M) Pyro. (M) 

20 1-0 1-0 

2-001 2 - 0.02 

s 3 -0.02 3- 0.05 

Bi2 

8 

4 


0 20 
5S (Mx i104) 


kic. 4. Competitive inhibition of electron transfer te various acceptors by pyro- 
phosphate. Systems were aerobic, at 25°, and contained 0.20 ml. of 0.1 M Tris-ace- 
tate, pH 8.1, with the concentrations of the reactants indicated. All the rates are 
expressed as micromoles of electrons transferred per minute. «A, cytochrome c re- 
duction was measured at 550 my every 15 seconds in the system shown plus 0.02 
umole of cytochrome c, 7.2 X 1077 umole of reductase, and 0.02 umole of DPNH. B, 
DPNH oxidation was measured at 340 my every 15 secouds in the system shown 
plus 1.6 X 1077 wmole of reductase and 0.02 umole of DPNH. C, DPNH_ oxidation 
was measured at 340 my every 15 seconds in the system shown plus 4 & 10° ® umole of 
reductase and 0.02 umole of DPNH. 
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tor needed to obtain an appreciable effect is much higher. This can be 
attributed to the fact that these acceptors are present in large and optimal 
amounts. The inhibition with pyrophosphate is competitive with respect 
to each of the three electron acceptors (Fig. 4). 

DISCUSSION 

With the isolation of microsomal cytochrome (1) it was possible to show 
that the microsomal fraction of liver contains a specific DPNH microsomal 
cytochrome reductase system in which this heme protein, but not cyto- 
chrome c, can function as electron acceptor (1). That this reductase sys- 
tem is a major pathway of electron flow from DPNH to microsomal cyto- 
chrome in microsomes has been demonstrated in the present report. This 
pathway also accounts for a large part of the so called cytochrome c¢ reduc- 
tase activity In microsomes. The incubation of microsomes with cobra 
venom has provided the basis for obtaining the reductase in a pure form. 
With the purification procedure indicated, reproducible preparations are 
obtained that meet several criteria of homogeneity. 

The reductase could be isolated in sufficient quantity to permit the study 
of certain features of the reaction sequence by use of substrate concentra- 
tions of enzyme. ‘The first part of the reaction (Reaction 1) is very rapid 
and can be followed best 


(1) DPNH + H* + FAD protein — DPN* + FADHz protein 
anaerobically. The equilibrium favors flavin reduction but requires an 
excess of DPNH to go to completion. In the second part of the reaction, 
transfer of electrons from the FAD to either one or two electron acceptors 
occurs (Reaction 2 or 3). 

(2) FADH), protein + ~ FAD protein + 2Areducea + 2H* 

(3) FADH:, protein + indigotetrasulfonate (oxidized) — 


FAD protein + indigotetrasulfonate (reduced) 


It is Reaction 1 which is inhibited by PCMBS and requires one essential 
free sulfhydryl group on the enzyme. Since the reoxidation of the pre- 
viously reduced flavoprotein occurs rapidly in the presence of PCMBS, it 
is likely that the sulfhydryl group is involved in the interaction of the 
DPNH with the protein. A characteristic of the reoxidation of the bound 
FAD is the extreme slowness with which it occurs when oxygen is the 
acceptor. Since inhibition by pyrophosphate is competitive with the accep- 
tors, it is suggested that the chelating agents affect interaction of the cyto- 
chrome with the enzyme. Magnesium would provide a natural site of at- 
tack for these inhibitors and one might suppose that magnesium is involved 
in the interaction of acceptors with the flavoprotein. It must be pointed 
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eut, however, that inhibition by chelating agents does not constitute proof 
of metal involvement in this reaction. At the high concentrations of re- 
agent used, other mechanisms of inhibition might be possible. No direct 
evidence has been obtained as yet that magnesium is a functional part of 
the reaction sequence on the reductase rather than a passive contaminant. 
The data, so far, make it unlikely that another metal, capable of under- 
going oxidation and reduction, is involved in the transfer of electrons from 
the FAD to acceptors (Reaction 2 or 3). A large number of likely metals 
in the group of transition elements has been ruled out by analysis. Re- 
ductive and oxidative titrations of the reductase also do not reveal any 
group, other than FAD, undergoing alternate reduction and oxidation. 


SUMMARY 


1. The isolation of microsomal cytochrome reductase as an essentially 
homogeneous protein in good yield has been described. 

2. The spectrum of the oxidized reductase shows absorption maxima at 
273, 390, 461, and 485 mp. The 461 and 485 muy absorption peaks disap- 
pear on reduction with reduced diphosphopyridine nucleotide (DPNH) 
or sodium hydrosulfite. 

3. Flavin adenine dinucleotide (FAD) was identified as the prosthetic 
group on the reductase. Flavin analysis and protein determinations give 
a minimal molecular weight of 42,000 + 2000. 

4. By sedimentation, diffusion, and electrophoretic analysis the reduc- 
tase appeared homogeneous. The molecular weight, by physical measure- 
ments, was calculated to be 38,400. 

5. Approximately 2 moles of magnesium are present per mole of enzyme. 
Ten other metals were shown to be absent or present in only trace amounts. 

6. One labile sulfhydryl group was shown to be involved in the DPNH- 
flavoprotein interaction by titration of the reductase with p-chloromercuri- 
benzenesulfonate. 

7. Reductive and oxidative titrations of the reductase in an anaerobic 
system with DPNH and ferricyanide, respectively, indicate that the ab- 
sorption spectra for oxidized reductase represent a single FAD protein 
spectrum and reveal no other oxidizable or reducible group. 

8. The calculated maximal turnover rates for the reductase are 15,600, 
31,800, and 4800 with microsomal cytochrome, ferricyanide, and indigo- 
tetrasulfonate, respectively, as acceptors. Oyxgen reacts very slowly with 
the reductase, only 0.00025 times as fast as ferricyanide. 

9. The apparent Michaelis constants for DPNH and the various accep- 
tors were determined. 

10. Reaction of the acceptors with the reductase was competitively in- 
hibited by pyrophosphate. Citrate and ethylenediaminetetraacetic acid 
also inhibited this reaction. 
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THE REQUIREMENT OF MONOIODOTYROSINE DEIODINASE 
FOR TRIPHOSPHOPYRIDINE NUCLEOTIDE* 


By JOHN B. STANBURY 


(From the Department of Medicine, Harvard Medical School, and the 
Medical Services of the Massachusetts General 
Hospital, Boston, Massachusetts) 


(Received for publication, May 6, 1957) 


Diiodotyrosine! is deiodinated when fed (1) or administered intravenously 
(2, 3) or when incubated with liver, kidney, or thyroid tissue slices (4-6) 
or liver suspensions (7). Deiodination of monoiodotyrosine has been 
observed after intravenous administration in man (3) and in tissue slices 
(5). Deiodination of both MIT and DIT has been observed in aqueous 
extracts of sheep thyroid tissue (8). It has been postulated that deiodina- 
tion of these hormone precursors is necessary for the conservation of 
iodine in the thyroid as they are released in the process of thyroglobulin 
degradation (6). 

Recently, certain patients with goiter and cretinism have been observed 
who are unable to release iodine as iodide from intravenously administered 
MIT or DIT (9). Thyroid tissue slices from one of these patients were 
unable to deiodinate DIT (6). These observations have prompted the 
present examination of the MIT deiodinase activity of thyroid, kidney, 
and liver. It will be shown that monoiodotyrosine deiodinase is a microso- 
mal enzyme which requires TPNH. 


Methods 


Tissues from sheep were collected at the time of slaughter and brought 
on ice to the laboratory. A few experiments were performed on rat liver 
and kidney. Homogenates were prepared in all glass Potter-Elvehjem 
homogenizer tubes in ice, and some experiments were made with homog- 
enates of thyroid tissue prepared by preliminary treatment for a few 
seconds in the Servall Omnimixer. Enzymatic activity in homogenates 
prepared in this way did not differ from that in homogenates prepared 


* From the Department of Medicine, Harvard Medical School, and the Medical 
Services of the Massachusetts General Hospital, Boston, Massachusetts. 

1 Abbreviations used in this paper are as follows: TPN, triphosphopyridine nucleo- 
tide and its reduced form, TPNH; DPN, diphosphopyridine nucleotide and its 
reduced form, DPNH; GTP, guanosine triphosphate; ATP, adenosine triphosphate; 
CoA, coenzyme A; G-6-P, glucose 6-phosphate; MIT, monoiodotyrosine; DIT, 
diiodotyrosine. 
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in the usual way. Tissue slices were cut by hand. Incubation was at 
37-38° and in some cases at 0°. 

The incubation mixture contained enough I['*!-labeled L-MIT to furnish 
2000 to 5000 c.p.m. in 0.1 ml. as measured in a well type scintillation 
detector equipped with a pulse height analyzer. In each experiment two 
or more concentrations of MIT were used. These varied from 0.1 to 70 
umoles per flask, and the total volume per flask varied between 3 and 4 ml. 
All flasks contained thiouracil in approximately 10-* M concentration in 
order to prevent further utilization of released iodide. The reaction was 
stopped by adding an excess of MIT and heating at 100° for 45 seconds. 

A 0.1 ml. aliquot of the flask contents was applied linearly with markers 
to the origin of Whatman No. 3 paper strips 3 cm. wide for descending 
chromatography in a butanol-2 N acetic acid solvent system. The dried 
chromatograms were stained with diazotized sulfanilic acid and palladium 
chloride, were cut to correspond to zones of interest, and the labeled iodine 
of the respective zones was measured. More than 90 per cent of the 
labeled iodine added to the incubation flasks was accounted for. When 
slices were used, the flask contents were homogenized and an aliquot 
taken for chromatography. In calculating the fraction of substrate 
MIT converted, a small correction was made for the counts above back- 
ground observed in zones of the paper which did not correspond to stained 
spots. This amounted to 0.1 to 0.2 per cent of the total counts per cm. 
The measurements were also corrected for the small amount of labeled 
iodide present in the sample of labeled MIT, which usually amounted to 
less than 2 per cent. In most experiments the time of incubation was 
10 or 20 minutes. 

I3!_labeled MIT was prepared as previously described (9), except that 
0.2 mg. of iodide and 0.2 mg. of tyrosine were used in order to obtain 
high specific activity. Labeled MIT deteriorated slowly upon being 
allowed to stand in the refrigerator, but when it was kept in the deep 
freeze almost no deterioration occurred. The composition was always 
determined in duplicate by incubation with preheated tissue at the time 
of each experiment. The concentration of stable MIT was determined 
in each lot of labeled MIT by analysis for iodide by the method of Barker 
(10). 

Tissue particulate fractions were prepared by centrifuging at 600 X g 
and 8000 X g in the International refrigerated centrifuge for 15 minutes 
and for 1 to 2 hours at 100,000 X g in the Spinco ultracentrifuge. In 
the last instance the whole tissue homogenate or the supernatant suspen- 
sion from an 8000 X g centrifugation was employed. The supernatant 
solution from this centrifugation was designated the ‘soluble fraction.” 
The microsomal pellet was washed with buffered cold sucrose, and the 
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microsomes were resuspended in this medium. The suspension medium 
was 0.38 m sucrose which contained 0.005 m MgCl, 0.025 m KCl, and 
0.028 m KHCO; adjusted to pH 7.3 to 7.4. Usually the equivalent of 
150 mg. of wet tissue was present in each incubation flask. In some 
experiments unbuffered sucrose was used to resuspend and wash the 
pellets for preparation of mitochondrial and ‘“‘nuclear’”’ fractions, but 
final suspension was in buffered sucrose or Krebs-Ringer solution with 
phosphate buffer. The nuclear fraction contained nuclei, unbroken cells, 
and debris by microscopic examination. The particles in the mitochondrial 
fraction stained with Janus green. ‘The microsomal fraction was com- 
prised of particles which, on electron micrography, corresponded to what 
are commonly called microsomes. A dilute suspension of microsomes 
had a sedimentation constant of s20,,. = 17 in the Spinco model EF ultra- 
centrifuge. 


Results 


Intracellular Localization of Enzyme System—MIT deiodinase activity 
was readily demonstrable in cell-free preparations of thyroid tissue of 
sheep. Activity was observed in slices and in the supernatant fraction 
after homogenates were centrifuged for 15 minutes at 600 X g and at 
8000 * g. Cell-free homogenate was more active than slices, but there 
was some loss of activity from the supernatant suspension when the 
homogenate was centrifuged at 8000 X g (Table I). 

There was virtually no deiodination by the resuspended ‘nuclear’’ 
fractions, mitochondria, or microsomes, or in the soluble fraction. Activit 
was restored by addition of the soluble fraction to the microsomes te 4 


.to a slight degree, when added to the other two fractions. In the experi- 


ment of Table I it can be seen that the microscmes and soluble fraction 
from 150 mg. of tissue had about 65 per cent of the activity of a cor- 
responding amount of uncentrifuged homogenate. In this experiment 
the supernatant suspensions from three washings of a pellet obtained from 
an 8000 X g centrifugation of whole tissue homogenate were centrifuged 
at 100,000 X g, and the microsomal pellets were resuspended and pooled. 

Properties of Enzyme System—The active principle of the microsomal 
fraction was heat-labile. Heating for 1 minute at 65° completely abolished 
activity, and heating at 55° for 8 minutes reduced activity nearly to zero. 
The active factor present in the supernatant solution, after being centri- 
fuged for 1 to 2 hours at 100,000 X g, was heat-stable to boiling for 16 
minutes. 

Deiodination was not inhibited by Versene in a concentration of 12.5 y 
per ml. or appreciably by citrate when the molar concentration was approxi- 
mately 10 times that of monoiodotyrosine. The reaction was inhibited 
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by 10-° m chloromercuribenzoate but was not significantly altered by 
2 X 10°? iodide or by 5 X 10-4 @-diethylaminoethy]! diphenylpropyl- 
acetate hydrochloride (SKF-525-A).2. When whole homogenate was 
precipitated and washed with cold acetone and resuspended, enzymatic 
activity had virtually disappeared. The reaction was not. inhibited by 
an active preparation of catalase. 

It was not possible to demonstrate oxygen dependency. Deiodination 
proceeded at the same rate as in control flasks when the flasks were flushed 
previously with nitrogen for 30 minutes before being tipped into substrate 
from a side arm reservoir and also when the reaction was carried out in 


TaBLeE I 
Deiodination of MIT by Various Fractions of Thyroid Tissue 
Each flask contained the equivalent of 150 mg. of sheep thyroid tissue, 10 uwmoles 
of nicotinamide, and Krebs-Ringer-phosphate buffer, pH 7.3. Incubation time, 20 
minutes at 37°. Total volume, 4 ml. 


Substrate 


Tissue preparation 


| 17.1 mpmoles 66.2 mumoles 


mpmoles mumoles iodide 


| jorm formed 
+ soluble fraction.................... | 2.9 | 
+ soluble fraction. ...... 2.1 2.8 


Thunberg tubes which were evacuated with a high vacuum pump and 
refilled several times with highly purified nitrogen. Deiodination was 
not inhibited significantly by 10-* mM cyanide. 

The active principle of the soluble fraction could be adsorbed by and 
eluted from Norit. A small amount of Norit was shaken with the soluble 
fraction, centrifuged, and washed with water. The Norit was then resus- 
pended in 0.1 N NH,OH in 50 per cent ethanol and centrifuged, and the 
clear supernatant solution was dried in an air stream at 65° and redissolved 
in Krebs-Ringer-phosphate solution. Deiodination oceurred this 
solution was added to fresh microsomes and MIT. | 

The ability of the soluble fraction to activate microsomes was abolished 


2 Kindly supplied by Dr. Glenn Ullyot of the Smith, Kline and French Labora- 
tories, Philadelphia, Pennsylvania. 
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by pretreatment with 0.5 mg. of a crude intestinal phosphatase* and much 
reduced by pretreatment for 0.5 hour with a preparation of DPN-TPNase 
prepared from Neurospora crassa.4 Activity of whole homogenate and of 
microsomes Was abolished by exposure for 10 minutes in a 10 ke. Raytheon 
sonic oscillator. Dialysis of the soluble fraction for 18 hours at 10° re- 
sulted in a loss of capacity to activate microsomes, but an aliquot of the 
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Fic. 1. The relationship between substrate concentration and deiodination of 
MIT. Each flask contained 150 mg. of thyroid tissue. Incubation time was 10 
minutes. Each point is the mean of two determinations. 


soluble fraction sealed in a Lusteroid tube in the same dialysis vessel 
retained its activating capacity. 

The relationship between substrate concentration and rate of deiodina- 
tion is shown in Fig. 1. Each point is plotted as the mean of two deter- 
minations. In the same experiment the effect of L-tyrosine on deiodination 
was observed. The data are plotted in Fig. 2 as reciprocal substrate 
concentrations against reciprocal rates according to Lineweaver and 
Burk (11). A maximal velocity of 33 myumoles per hour per 150 mg. of 
tissue was observed in this experiment, but reaction rates were found to 
vary widely among different batches of thyroid tissue. The Michaelis 

* Pintex, Inc., Kankakee, Hlinois. 

‘ Kindly supplied by Dr. Morton Schwartz. 
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constant was 9.2 X 10-7 m. There appeared to be slight inhibition of the 
‘‘competitive” type by tyrosine in this and other experiments, but at 
minimal monoiodotyrosine concentration the molar concentration of 
tyrosine was many times that of MIT. 

Identification of Cofactor Requirement—A 'TPNH-generating system 
proved to be as effective as the soluble fraction in activating the microsomes 
(Table II). The MIT deiodinase of microsomes was fully activated by 
adding TPN, glucose 6-phosphate, and glucose-6-phosphate dehydrogenase, 
or by adding TPN and glucose 6-phosphate, relying on the microsomes 


moles 
Tyrosine 
O6F 


S 


Fic. 2. The relationship between substrate concentration, S, and deiodination 
rate, V, as influenced by tyrosine. 


for the glucose-6-phosphate dehydrogenase activity. None of these 
factors alone reactivated the microsomes. Activity was also fully restored 
with TPNH. Activity of the microsomes was supported by filtrates 
from the boiled supernatant solutions obtained from centrifuging homog- 
enates of liver and kidney at 100,000 X gfor 1 hour. It was not supported 
by the ash from ignition of the soluble fraction, by TPN or G-6-P alone, 
by DPN, DPNH, a DPNH-generating system consisting of alcohol, 
aleohol dehydrogenase, and DPN, or by flavin adenine dinucleotide, 
flavin mononucleotide, ATP, GTP, or CoA. The active factor of the 
soluble fraction was not precipitated at pH 5. 

MIT Deiodination by Liver and Kidney—Liver and kidney tissues were 
much less active in deiodinating MIT than was thyroid. Moderate 
activity was observed in slices of both tissues, but homogenization nearly 
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TABLE II 
Cofactor Requirement of Thyroid Deiodinase 
MIT deiodination in millimicromoles per hour per 150 mg. of thyroid tissue 
equivalent as affected by various substances. G-6-P, 5 umoles; TPN, 0.8 mg.; glu- 
cose-6-phosphate dehydrogenase 0.5 mg. Total volume, 3 ml. Incubation time, 
20 minutes. 


Substrate 
3.5 umoles 16.8 zmoles 
ormed form 
Microsomes + soluble fraction.......................... | 3.5 6.5 
eS + glucose-6-phosphate dehydrogenase....... | 0.0 | 0.0 
éé + | 
Microsomes + glucose-6-phosphate dehydrogenase + | 
Microsomes + G-6-P + TPN........................... ! 3.2 5.5 
TaBLeE III 


Potassium Pyruvate in Degradation of MIT 
kiffect of potassium pyruvate on degradation of MIT. Approximately 150 mg. 
of tissue per flask. The rates are in millimicromoles of MIT per hour per 150 mg. 
of tissue converted to iodide or to an unidentified component ‘‘X.’’ Incubation 
time, 1 hour. Potassium pyruvate, 0.07 mM. Substrate concentration, 16.9 mumoles 
in 3 ml. 


Without pyruvate With pyruvate 
Tissue — 
Thyroid slice 5.8 | 0 5.8 0 
“600° X& g supernatant solution 13.4 | 0 12.0 0 
“8000 & g 0 5.8 0 
Kidney slice ee | 0.7 2.7 2.1 
“ 600 X¥ | 04 6.2 0.4 | 0.8 


or completely abolished deiodination. ‘There was negligible deiodinase 
activity in the supernatant suspensions after centrifugation at 600 X g. 
When slices of the supernatant suspension, after centrifugation at 600 * g 


and 8000 X g, were incubated with MIT, the chromatograms which were 
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obtained showed a spot of labeled iodine which corresponded to none of 
the added carriers. In the butanol-acetic acid solvent system this spot 


TABLE IV 
Effect of Nicotinamide on Deiodination of MIT by Liver 


Effect of nicotinamide on MIT deiodination by preparations of liver tissue. | 


Part of a rat liver was homogenized in 0.36 M sucrose containing 334 uwmoles of nico- 
tinamide per gm. of tissue. The flasks contained the equivalent of 150 mg. of liver. 
Incubation time, 20 minutes at 37°. Flask content, 4 ml. 


Substrate 
4.6 mumoles 17.7 mumoles 
iodide formed iodide formed 
“ se + nicotinamide................ 4.3 7.5 
600 KX g supernatant solution. 0.1 0.3 
600 + nicotinamide... ... 3.6 6.1 
8000 X g supernatant solution. ................... 0.3 0.3 
S000 + nicotinamide... .. 3.0 4.3 


TABLE V 
Cofactor Requirement of Liver Detodinase 
MIT deiodination by preparations of rat liver. Homogenization in 0.38 M su- 
crose containing 250 wmoles of nicotinamide per gm. of tissue. [ach flask con- 
tained 100 mg. of tissue equivalent. TPNH, 0.5 mg.; TPN, 0.4 mg.; G-6-P, 5 
pumoles; DPN,0.5 mg. Incubation time, 20 minutes at 37°. Total volume, 4 ml. 
The rates are in millimicromoles per hour per 100 mg. of tissue equivalent. 


Substrate 
3.6 mumoles 16.6 mumoles 

8000 X g supernatant solution. ~...0....0......... 1.1 1.2 
Microsomes + soluble fraction.................... 1.1 1.4 


sppeared at and just beyond the leading edge of the thyroxine marker. 
This substance was much increased in quantity when 107° M pyruvate was 
added (Table IL]), but addition of pyruvate did not increase the amount 
of iodide formed. Addition of pyruvate to thyroid slices and homogenates 


| 
j 


lit 


J. B. STANBURY 


produced no enhancement of deiodination, and no unidentified iodinated 
substance appeared. 

Deiodination of MIT at rates comparable to those observed in thyroid 
tissue was observed in liver and kidney cell-free preparations when these 
tissues were homogenized in a suspending medium containing nicotinamide 
(Table IV). Microsomes of liver prepared as described above for thyroid 
demonstrated the same cofactor requirements as did the thyroid microsomes 
(Table V). Comparable findings were obtained with rat kidney homo- 
genates. Homogenization in the presence of nicotinamide did not enhance 
the production of the unidentified iodinated component when pyruvate 
was added. 

DISCUSSION 


The observations described here indicate that deiodination of MIT by 
thyroid tissue is accomplished by a microsomal enzyme which is dependent 
upon TPNH for its activity. The enzyme is thermolabile, inhibited by 
p-chloromercuribenzoate, not inhibited by cyanide, and inactivated by 
acetone precipitation or sonic disruption. 

A number of biological reactions which involve microsomes have been 
recently described and the requisite cofactors defined. Among these are 
included protein (12) and cholesterol synthesis (13), steroid hydroxylation 
(14), and many types of drug detoxification (15-18). Many of these 
reactions require molecular oxygen, but this requirement could not be 
demonstrated in the present experiments. The reaction product other 
than iodide has not yet been determined but is presumably tyrosine. 

Transamination was not involved in deiodination of MIT by thyroid 
tissue. Failure of added pyruvate to enhance deiodination or to give an 
unidentified iodinated substance indicates that there is no MIT trans- 
aminase system which operates in the thyroid and that transamination 
is not a necessary step in deiodination. This inference is strengthened 
by the failure of tyrosine to inhibit the reaction, except in large molar 
ratios. The absence of DIT transaminase in the thyroid was indicated 
by the studies of Tong et al. (5). 

Deiodination of MIT by liver and kidney appeared to proceed independ- 
ently of transamination. The increased quantities of an unidentified 
iodinated component in kidney and liver slices and homogenate after 
addition of pyruvate suggest that transamination occurred and that a 
hydroxy or keto acid derivative of MIT was formed by these tissues. In 
these experiments, however, no enhancement. of iodide formation occurred 
alter addition of pyruvate. Tong ef al. (5) found marked enhancement 
of formation of derivatives of DIT in liver and kidney slices and homo- 
genates after addition of pyruvate and glutamate, but the fraction of 
substrate converted to iodide remained unchanged. 
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MIT deiodinase activity quantitatively comparable to that of the 
thyroid was demonstrated readily in liver and kidney cell-free preparations 
when nicotinamide was present during homogenization. The enzyme of 
both tissues was microsomal and required TPNH or a TPNH-generating 
system for activation. Protecting the nucleotides of the homogenate 
with nicotinamide did not enhance the formation of intermediary iodinated 
products. The findings suggest that MIT deiodination is performed by 
the same enzyme in the thyroid, liver, and kidney, and that deiodination 
is direct rather than through changes in the side chain of the molecule. 


SUMMARY 


1. The metabolism of monoiodotyrosine has been studied in tissue 
slices and homogenates of sheep thyroid, liver, and kidney, and in rat liver 
and kidney. 

2. Thyroid monoiodotyrosine deiodinase is a microsomal enzyme which 
is dependent upon reduced triphosphopyridine nucleotide. Enzymatic 
activity is lost by exposure to 55° for 8 minutes or after sonic disintegra- 
tion or acetone precipitation of the microsomes. 

3. reduced triphosphopyridine nucleotide-dependent microsomal 
deiodinase is also demonstrable in liver and kidney, providing that the 
tissue is homogenized in the presence of nicotinamide. When nicotinamide 
is not present, deiodination proceeds much less vigorously in slices and to 
slight degree, if at all, in cell-free homogenates. Addition of pyruvate to 
nicotinamide-free preparations enhances the production of an unidentified 
iodinated component but does not increase the quantity of iodide released. 
This component is not found in thyroid tissue preparations. 


The author wishes to acknowledge the many helpful suggestions of 
Dr. Morton Schwartz and Dr. Phillips Robbins. The electron microg- 
raphy was performed by Dr. Jerome Gross. Valuable technical assistance 
was provided by Mrs. M. L. Morris. The sedimentation constants were 
determined in the model E Spinco ultracentrifuge by Dr. Karl Schmid. 


BIBLIOGRAPHY 


1. Foster, G. L., and Gutman, A. B., J. Biol. Chem., 87, 289 (1930). 
. Albert, A., and Keating, F. R., Jr.,./. Clin. Endocrinol. and Metabolism, 11, 9% 
(1951). 
43. Stanbury, J. B., Kassenaur, A. A. H., Meijer, J. W. A., and Terpstra, J., J. 
Clin. Endocrinol. and Metabolism, 16, 1216 (1955). 
4 Roche, J., Michel, R., Michel, O., and Lissitzky, 8., Biochim. et biophys. acta, 
9, 161 (1952). 
5. Tong, W., Taurog, A., and Chaikoff, I. L., J. Biol. Chem., 207, 59 (1954). 
6. Querido, A., Stanbury, J. B., Kassenaar, A. A. H., and Meijer, J. W. A., J. Clin. 
Endocrinol. and Metabolism, 16, 1096 (1956). 


te 


J. B. STANBURY S11 


. Hartmann, N., Z. physiol. Chem., 285, 1 (1950). 
. Roche, J., Michel, O., Michel, R., Gorbman, A., and Lissitzky, S., Biochim. 


et biophys. acta, 12, 570 (1953). 


. Stanbury, J. B., Kassenaar, A. A. H., and Meijer, J. W. A., J. Clin. Endocrinol. 


and Metabolism, 16, 848 (1956). 


. Barker, 8S. B., J. Biol. Chem., 173, 715 (1948). 
. Lineweaver, H., and Burk, D., J. Am. Chem. Soc., 56, 658 (1934). 
. Littlefield, J. W., Keller, E. B., Gross, J., and Zameenik, P. C., J. Biol. Chem., 


217, 111 (1955). 


. Bucher, N. L. R., and MecGarrahan, K., J. Biol. Chem., 222, 1 (1956). 

. Ryan, K. J., and Engel, L. L., J. Am. Chem. Soc., 78, 2654 (1956). 

. Axelrod, J., J. Biol. Chem., 214, 753 (1955). 

. Axelrod, J., J. Pharmacol. and Exp. Therap., 114, 430 (1955). 

. Axelrod, J., Biochem. J., 68, 634 (1956). 

. Brodie, B. B., Axelrod, J., Cooper, J. R., Gaudette, L., La Du, B. N., Mitoma, 


C., and Udenfriend, S., Science, 121, 603 (1955). 


8 
of 
ing 
ate 10 
on 13 
1d 
16 
sue 18 
ver 
ich 
atic 
rra- 
mal 
the 
ride 
1 to 
e to 
fied 
sed. 
of 
rog- 
ince 
vere 
cla, 
lin. 


] 

dd 

b 
is 
p 
of 
tO. 
ch 
In 
C0) 
the 
fra 
hor 
the 
ant 
XUI 


THE RIBONUCLEIC ACID COMPOSITION AND PHOSPHORUS 
DISTRIBUTION OF CHLOROPLASTS FROM NORMAL 
AND DISEASED TURKISH TOBACCO PLANTS* 


By WILLIAM D. COOPER? anp HUBERT 8. LORING 


(From the Department of Chemistry and the School of Medicine, Stanford University, 
Stanford, California) 


(Received for publication, May 7, 1957) 


The occurrence of nucleic acids in chloroplasts has been accepted gener- 
ally since the work of Menke (1) and of DuBuy and Woods (2). In agree- 
ment with this conclusion, about 58 per cent of the phosphorus of the 
chloroplast fraction of tobacco leaves (fraction of aqueous extract sedi- 
mented at 6000 X g for 15 minutes) could be accounted for as ribonucleic 
acid (RNA) and as deoxyribonucleic acid (DNA) (3), with approximately 
twice as much ribonucleic acid present as deoxyribonucleic acid (3, 4). 
Analyses for purine and pyrimidine components on similar fractions 
showed an unusual nucleic acid composition in that about 16 times as 
much guanine and 30 times as much total pyrimidine as adenine (molar 
ratios) were found (5). 

Recently, however, it has been estimated that only small amounts of 
the phosphorus of the main chloroplast fraction (650 & g for 12 minutes) 
are of nucleic acid origin (6) and, accordingly, the previous data have 
been placed in doubt. It has been of interest, therefore, to examine 
isolated chloroplasts by procedures developed in this laboratory which 
permit the direct analysis of a nucleoprotein or tissue for the individual 
purine and pyrimidine RNA components and to relate these to phosphorus 
content (7, 8). As several types of evidence’ have indicated that chloro- 
plasts are strikingly involved during the process of virus infection, it was 


* Aided by grants from the Rockefeller Foundation and the Associated Women 
of the American Farm Bureau Federation. 

+ Present address, In care of Dorr-Oliver-Long, Ltd., Orillia, Ontario, Canada. 

' Developing tissue from an inoculated area may show striking cytological, his- 
tological, and anatomical disturbanves (9), including the actual disintegration of 
chloroplasts, which results in the typical chlorosis accompanying virus infection 
10). Eleetron microscopy of infected leaf cells shows that the virus is often present 
in fibrous masses associated with chloroplasts (11), and it has been suggested that a 
combination of virus with chloroplasts actually occurs (12, 13). In agreement with 
the latter postulation, large amounts of radioactivity were found in the chloroplast 
fraction from plants inoculated with radioactive virus and worked up for virus 24 
hours later (14). As no typical virus particles can be isolated from such plants (15), 
the infection process appears to proceed through a combination of virus subunits 
and chloroplasts. 
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likewise of interest to compare the RNA composition of chloroplasts 
from infected plants. This paper presents analyses of the purine and 
pyrimidine composition of the RNA fraction of isolated normal chloro- 
plasts from Turkish tobacco plants and of those from plants infected for 
various periods of time with tobacco mosaic virus in relation to their 
phosphorus contents. 


EXPERIMENTAL 


Preparation of Dried Chloroplast Samples—The preparations of chloro- 
plasts were made in the same way, respectively, from normal and infected? 
Turkish tobacco plants. Some twenty to twenty-five plants of the same 
age and from 12 to 18 inches in height were cut, washed off with distilled 
water, and removed to the cold room. Uniform green leaves were chosen. 
The stem and center rib were removed and discarded. The remainder 
was mixed for 1 minute in a Waring blendor with approximately twice its 
weight of cold distilled water. Then, the finely divided suspension was 
filtered through a single layer of cheese cloth to remove fibrous material. 

In order to obtain a microscopically uniform suspension of chloroplasts 
when in 0.5 M sucrose, with a minimum of foreign material, including 
starch granules, the following differential centrifugal procedure was devel- 
oped and carried out in the cold as quickly as possible. The suspension 
was centrifuged for 6 minutes at 145 X& g to remove large particles and 
some starch granules. The supernatant fluid was poured off and centri- 
fuged for 30 minutes at 1350 X g, and the brown supernatant liquid was 
discarded. The green sediment of chloroplasts was scraped off, leaving 
considerable starch and possibly other larger particles in the bottom of 
the centrifuge tube. When the chloroplasts were suspended in 20 times 
their volume of 0.5 M sucrose and the suspension centrifuged for 3 minutes 
at 145 X g and the small sediment of some starch and large clumps was 
discarded, a microscopically uniform suspension of chloroplasts was 
obtained. This suspension, upon centrifugation for 1.5 hours at 1500 X 4, 
yielded a green pellet of chloroplasts, showing only a trace of white starch. 
After the greenish brown supernatant liquid was discarded, the pellets 
were washed in 5 times their volume of 50, 75, and finally 95 per cent 
ethyl alcohol until free from chlorophyll. 

The resulting brown material was treated with portions of petroleum 
ether (b.p. 55-85°) to remove carotenes and xanthophylls, until there was 
no further removal of the yellow coloring matter, and was then extracted 
further with portions of a mixture of ethyl alcohol (3 parts) and ether 


2 The original inoculum of tobacco mosaic virus was obtained from the Rockefeller 
Institute for Medical Research, Princeton, New Jersey. 


\ 
0 
t 
t 
\ 
r 
a 
n 
d 
d 
a 
Ss 


W. D. COOPER AND H. 8S. LORING S15 


(1 part) and finally with ether. When dried over a steam bath, the finely 
powdered product had a light tan color. 

Tor some preparations, a part of the dried powder was saved for analysis 
at this stage. The remaining material was subjected to acid extraction 
in the cold. Two successive treatments for 15 minutes each with 10 ml. 
of cold 10 per cent trichloroacetic acid (TCA) were used, the volume of 
acid being about twice the volume of the powder. The suspension was 
centrifuged, and the light yellow supernatant fluid discarded. The 
residue was washed in the cold by suspension and centrifugation in ethyl] 
aleohol until no further light yellow color was removed and then ex- 
tracted three times with a boiling mixture of alcohol (3 parts) and ether 
(1 part) and finally twice with ether. The final product was carefully 
dried to a light tan color over a steam bath. | 

The nitrogen and phosphorus contents of the acid-extracted prepara- 
tions of normal and infected chloroplasts were determined by micro- 
Kjeldahl (16) and by colorimetric analysis (17), respectively. The ranges 
of values found for three preparations each of normal and of infected 
material were, respectively, 9.0 to 10.8 per cent nitrogen, 0.35 to 0.36 per 
cent phosphorus and 10.4 to 11.6 per cent nitrogen, and 0.37 to 0.43 per 
cent phosphorus. In view of possible variation due to plant age and state 
of health, these results are reasonably consistent and indicate that fairly 
uniform preparations were obtained by the procedures described. 

Distribution of Purine and Pyrimidine Components in Ribonucleotide 
Fractions of Normal and Diseased Chloroplast Preparations——Dried samples 
of the acid-extracted chloroplast material, weighing 0.20 to 0.28 gm., 
were treated with 2.5 ml. of 1 N KOH at room temperature for 24 hours. 
The protein was precipitated at 0° with 0.5 ml. of 6 N H.SO, and 0.3 ml. 
of 50 per cent trichloroacetic acid. The protein residue was washed three 
times in the centrifuge with 1 ml. portions of a cold mixture of 5 per cent 
trichloroacetic acid (1 volume) and 6 N H2SO, (0.2 volume), and the 
washings were combined with the original supernatant liquid to give the 
ribonucleotide fraction. This was hydrolyzed in 1 N H.SOx, for 1 hour 
at 100°, then fractionated* into mixtures of the purine bases and pyrimidine 
nucleosides, which were analyzed spectrophotometrically as previously 
described (7). The phosphorus content of the ribonucleotide fraction was 
determined (17) for each sample. The values for adenine, guanine, 
cytidine, and uridine were calculated as moles per mole of phosphorus 
and those for total purine and pyrimidine were related to the original 
samples as micromoles per gm. of preparation. The results of these 


* The purine bases were precipitated with silver nitrate from the acid solution 
adjusted to 0.5 N. 
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analyses are recorded in Table I, together with data showing the ages of 


the plants, the lengths of time of the infection period, the nitrogen and 
phosphorus contents of the different samples, the amounts of phosphorus 
in the samples analyzed, and the percentages of phosphorus recovered in 
the ribonucleotide fractions. 

The data presented show reasonable uniformity in the composition of 
the RNA of both normal and diseased chloroplasts. The standard devia- 
tions of the values for the individual purine and pyrimidine bases in relation 
to phosphorus are indicative of the experimental error and, as shown in 
Table I, are similar to those previously reported for tobacco mosaic virus 


TABLE II 


Effect of TCA-Alcohol-Ether Extraction upon Purine and Phosphorus of Isolated 
_ Chloroplasts from Normal and Diseased Turkish Tobacco Plants 


| | i 
- Amount in ribonucleotide fraction | 
per gm. preparation before and 


f 4 Molar ratios, | Molar ratios, 
ee iod | after extraction uanine urine 
Preparation Plant age of in- | Adenine Phosphorus 
| f fection | Purinet Phosphorus 
| Before | After | Before | After | Before | After | Before After 
| | umoles | pmoles | pmoles | 
Normal : 118 | 44.4 | 45.8 | 106.1 | 89.6 | 1.38 | 1.39 | 0.417 | 0.509 
| 161 | 42.0 | 40.8 | 98.3 | 82.6 | 1.51 | 1.37 | 0.421 | 0.494 
Diseased 159 | 95 | 45.1 | 45.7 | 100.6 | 90.2 | 1.54 | 1.48 | 0.448 | 0.505 
176 | 52 | 38.9 | 41.9 89.0 | 83.6 | 1.34 | 1.29 | 0.436 | 0.498 


. All the wales shown are averages of independent analyses of two samples. 
+ Average values calculated for total purine from optical densities at 252 and 276 
my and summation of the results for adenine and guanine. 


(8). Accordingly, the results do not indicate a significant difference in 
the RNA composition of the chloroplasts from plants of different ages and 
between normal and diseased preparations. In agreement, however, with 
the higher phosphorus contents of the infected chloroplasts, as compared 
to the normal, the values for total bases per gm. of sample show consistently 
larger RNA contents in the diseased chloroplasts than in those from normal 
plants of approximately equivalent ages. The data for total bases per 
gin. of sample also show decreases which are probably significant in RNA 
contents of chloroplasts from both normal and infected plants with increas- 
ing plant age. 

Effect of Trichloroacetic Acid-Alcohol-Ether Extraction upon Purine and 
Phosphorus Contents of Normal and Diseased Chloroplasts—Dried samples 
of two preparations each of normal and diseased chloroplast before TCA- 
aleohol-ether extraction, weighing approximately 0.25 gm., were treated 
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with alkali as described for the acid-extracted samples, and the ribonucleo- 
tide fractions were analyzed in duplicate for adenine, guanine, total purine, 
and total phosphorus by the procedures mentioned. The values for total 
purine and phosphorus were calculated as micromoles per gm. of sample 
and are recorded in Table II in comparison with similar values for the 
TCA-alcohol-ether-extracted chloroplasts. The molar ratios of guanine 
to adenine and of total purine to phosphorus for both types of preparation 
were also calculated as shown. It may be seen that the purine contents 
of the normal and of the infected chloroplasts expressed either as micro- 
moles per gm. of preparation or as ratios of guanine to adenine were prob- 
ably not significantly affected by the acid-alcohol-ether treatments. 
However, the phosphorus contents of the ribonucleotide fractions were 
consistently higher before the treatments and the ratios of total purine to 
phosphorus accordingly lower before than after acid extraction. The 
losses of phosphorus during acid extraction were also greater for the 
normal, 15.7 to 16.5 wmoles per gm. of preparation, than for the diseased 
chloroplasts, 5.4 to 10.4 umoles per gm., and accordingly the purine to phos- 
phorus ratios before the treatments were lower for the normal than for the 
diseased chloroplasts. 


DISCUSSION 


The suitability of the analytical procedures for the direct analyses of 
nucleoproteins in preparations of isolated chloroplasts for the purine and 
pyrimidine ribonucleotide components is indicated by the equivalent 
results shown in Table I for guanine by colorimetric analysis, for total 
pyrimidine by microbiological assay, and by the separate analyses for 
phosphorus. 

A comparison of the purine and pyrimidine values in relation to the 
phosphorus contents of the TCA-alcohol-ether-extracted chloroplasts 
makes possible a characterization of the chloroplast phosphorus into 
ribonucleic acid, deoxyribonucleic acid, and phosphoprotein components. 
An average of 66 per cent of the chloroplast phosphorus was present 
(Table I) in the ribonucleotide fractions and about 91 per cent of this was 
accounted for as purines and pyrimidines. These results indicate, in 
agreement with conclusions reached previously by Holden (3), that the 
major phosphorus component of both normal and infected tobacco chloro- 
plasts, amounting to about 60 per cent, is RNA. This value, however, is 
probably too low and should be increased by about 14 per cent, for appreci- 
able amounts of ribonucleotides are carried down in the protein-DNA 
fraction during trichloroacetic acid precipitation (8). Whereas this loss 
ean be minimized by resolution of the protein-DNA precipitate in alkali 
and reprecipitation with trichloroacetic acid, this additional operation was 
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not performed in the experiments given. For this reason, also, the apparent 
value for DNA phosphorus of about 34 per cent of the total (that insoluble 
in TCA after the alkali treatment) is probably too high and should be 
decreased by about 14 per cent, giving a more likely value of approximately 
20 per cent. Conversion of these values for nucleic acid phosphorus to 
RNA and DNA, in relation to the phosphorus content of the materials 
analyzed, gave heat values for RNA and DNA of the acid-washed tobacco 
chloroplasts of about 3 and 0.7 per cent, respectively. The fact that the 
purine and pyrimidine components of the ribonucleotide fraction accounted 
for only 91 per cent of the phosphorus present is suggestive that 9 per cent 
of this fraction or about 6 per cent of the acid-washed chloroplast phos- 
phorus was phosphoprotein in nature. / 

Information regarding the occurrence of acid-soluble and lipide phos- 
phorus in the normal and infected chloroplasts is available from a considera- 
tion of the total purine, guanine to adenine ratios, and phosphorus present 
in the respective ribonucleotide fractions before and after the TCA- 
alcohol-ether treatments (Table II). Although all the chloroplast samples 
analyzed were extracted with alcohol and petroleum ether, it is probable, 
in view of the results of Holden (3) and Lovern (20), that most of the 
phospholipide was still present after such treatment. These authors 
have reported that chloroplast phospholipides are bound to protein and 
are best extracted after a preliminary exposure to acid. <As the alkali 
treatment used for the conversion of RNA to ribonucleotides would be 
expected to liberate phospholipides as well as acid-soluble components, 
it is probable that both of these or their partial hydrolysis products would 
be present in the ribonucleotide fractions from the non-acid-treated 
chloroplasts and absent from those extracted with TCA-alcohol-ether. 
In agreement with such expectations, larger amounts of phosphorus 
amounting to about 12 and 6 per cent, respectively, of that present in the 
acid-treated normal and infected chloroplasts were found in the ribonucleo- 
tide fractions obtained from non-acid-treated chloroplasts. Because 
comparable amounts of total purine and similar guanine to adenine ratios 
were present both before and after the TCA-aleohol-ether treatments, it 
seems likely that the larger amounts of phosphorus before acid extraction 
represented phospholipide and other phosphorus-containing acid-soluble 
components rather than acid-soluble purine nucleotides. 

In order to compare the RNA composition of isolated normal and infected 
chloroplasts of Turkish tobacco plants with that of tobacco mosaic virus, 
the molar ratios of guanine, cytosine, and uracil to adenine in the ribonu- 
cleotide fractions were calculated. The resulting values are shown in 
Table II] in comparison with similar molar ratios calculated for tobacco 
mosaic virus (8) and for normal chloroplasts from White Burley tobacco 
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nt plants from the data of Parker (5). It is clear from these calculations 
le that the RNA composition of either normal or infected chloroplasts differs 
be strikingly from that of the virus. The unusually low adenine values 
ly found for chloroplast fractions from White Burley tobacco plants (and 
to therefore high guanine and total pyrimidine, respectively, to adenine) were 
ls not confirmed with Turkish tobacco plants. Because the results for 
CO White Burley chloroplasts are widely different from other values for RNA, 
he it seems possible that losses of nucleic acid adenine may have occurred in 
ed that instance in some of the preliminary acid treatments used (21). 

nt Although the analyses presented have not shown detectable changes in 
S- the ribonucleic acid composition of Turkish tobacco chloroplasts as a 
)S- TABLE III 

"a- Comparison of Molar Proportions of Purine and Pyrimidine Bases in 

nt Tobacco Chloroplasts and Tobacco Mosaic Virus 

A- | Molar ratios, adenine = 1 

le, | Guanine Cytosine Uracil Total 
he Normal chloroplasts ~ Turkish 1.38 1.09 0.95 | 4.42 
rs Diseased | 1.39 1.08 0.99 | 4.46 
nd Tobacco mosaic virus* | ws | 0.87 | 0.71 — 1.03 | 3.62 
ali Normal chloroplastt White Burley = 16.0 «48.5 


* Calculated from our previous results (8). 


ts, t From the molar ratios reported by Parker (5) for preparations of chloroplast 
ld fractions. The value for total pyrimidine determined as cytosine and uracil was 
ed shown. 

Cr. 


“US result of infection with tobacco mosaic virus, the higher RNA and _ phos- 
he | phorus contents of diseased chloroplasts in plants of comparable ages are 
.- | probably indicative of definite chemical changes in chloroplast composition 
Ise under these conditions. The nature of such changes, however, is not 
ios | Clear, but the analytical data could be explained by the presence in the 
it | infected chloroplasts of about 30 per cent of virus or of correspondingly 
on | smaller amounts of virus nucleic acid. 


SUMMARY 


ed A method is reported for the isolation and extraction of uniform prep- 
us, | arations of chloroplasts from Turkish tobacco plants. Dried trichloroacetic 
u- | acid-alcohol-ether-extracted normal preparations contained from 9 to 11 per 
in | cent nitrogen, 0.36 per cent phosphorus, about 3.0 per cent ribonucleic 
co | acid (RNA), 0.7 per cent deoxyribonucleic acid (DNA), and 0.02. per 
‘co | ¢ent phosphorus as phosphoprotein. 
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Analyses for the purine and pyrimidine components of isolated chloro- 
plasts from normal and from tobacco mosaic virus-infected plants are 
presented on a mole base per mole phosphorus basis. Although no signifi- 
cant variations were found in the RNA composition for plants of different 
ages and between normal and diseased preparations, the RNA of Turkish 
tobacco chloroplasts is definitely different from that of tobacco mosaic 


virus. 

Certain chemical changes associated with phosphorus distribution 
were apparent in the chloroplasts as a result of virus infection. Diseased 
preparations contained significantly more RNA and_ less acid-soluble 
lipide phosphorus than did normal chloroplasts. 
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INTERACTION OF THYROID HORMONE AND LIVER 
TYROSINE OXIDATION * 


By GERALD LITWACKTt 


(From the Department of Agricultural Biochemistry, Rutgers University, The State 
University of New Jersey, New Brunswick, New Jersey) 


(Received for publication, April 24, 1957) 


A study zn vitro has indicated that thyroxine, in very low concentrations, 
inhibits liver tyrosine oxidation at the tyrosine-glutamic acid transaminase 
level (1). This effect and further information from studies in vivo are 
reported here. In addition, observations are presented concerning the 
mechanism of the thyroxine inhibition of the liver tyrosine oxidase system 


Methods and Materials 


Hypophysectomized and control male rats (Charles River Breeding 
Laboratories, Inc.) were of the Sprague-Dawley strain. Animals were 
HYPOX! at 50 days of age and obtained at 52 days of age and placed 
immediately on experiment after intraperitoneal injection of 5000 units of 
penicillin G (Squibb). Completeness of hypophysectomy was confirmed 
by examination of the sella turcica and adrenal weights. Thyroidecto- 
mized animals (parathyroids also removed) were obtained from the Charles 
River Breeding Laboratories, Inc., and conformed, in respect to age and 
weight, to the description of the rats above. The animals were housed 
individually in screened bottom cages and administered water and diet ad 
libitum. Body weights were recorded weekly. Beef growth hormone 
(Armour and Company,? Lot M-108; activity = 75 per cent of the Armour 
standard; contaminants = thyrotropic hormone equivalent to 0.15 U.S. P. 
unit per mg. of GH preparation) was administered as follows: 0.2 mg. 
dissolved in 0.1 ml. of physiological saline was injected daily by the intra- 
peritoneal route. Adrenocorticotropic hormone (The Upjohn Company) 
was dissolved in physiological saline solution and each animal received | 

* Paper of the Journal Series, New Jersey Agricultural Experiment Station, De- 
partment of Agricultural Biochemistry, Rutgers University, The State University 
of New Jersey, New Brunswick. 

t Recipient of a Lalor Foundation Faculty Award in the Biological Sciences, 1956. 
Part of the work reported here was carried out in the Laboratory of Dr. J. B. Nei- 
lands, Department of Biochemistry, University of California, Berkeley. 

‘The abbreviations used in this paper are HYPOX, hypophysectomy or hypo- 
physectomized; GH, beef growth hormone; ACTH, adrenocorticotropic hormone; 
HPP, p-hydroxyphenylpyruvie acid; DIT, 3,5-diiodo-L-tyrosine; TGTT, tyrosine- 
glutamic acid transaminase and tautomerase. 

? Kindly supplied by Dr. 8. L. Steelman. 
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U.S. P. unit in 0.1 ml. of solution per day intraperitoneally. Thyroid 
hormone was administered orally. U.S. P. thyroid (Eli Lilly and Com- 
pany, Lot Z-3096) contained from 0.17 to 0.23 per cent iodine and was 
fed as 1 per cent of the diet. All animals received water and the follow- 
ing diet ad libitum: lactalbumin (Labco, The Borden Company), 30 per 
cent; vitamin mix (2), 2 per cent; Salts IV (3), 4 per cent; corn oil, 5 per 
cent; sucrose, 58 per cent; and fat-soluble vitamins (NOPCO XX, A and 
D concentrate, Nepco Chemical Company; cod liver oil; 300 i.u. of vita- 
min D per gm.; 2250 U.S. P. units of vitamin A per gm.), 1 percent. Food 
consumption was determined by weighing food loss in cups on alternate 
days. Adrenal weights were taken after the glands were teased free of 
surrounding tissue and blotted. 

For experiments in vivo, liver enzyme assays were performed by using 
1:6 homogenates (0.15 M KCl) from freshly excised and chilled livers. The 
following assays were used: xanthine oxidase according to Dhungat and 
Sreenivasan (4), homogenate tyrosine oxidation by a manometric method 
(5) with 1 mg. of ascorbic acid added per flask, succinoxidase and endoge- 
nous oxidation as described by Harper et al. (5), and endogenous decar- 
boxylation by the “direct method” as described by Umbreit (6).  Ho- 
mogenate nitrogen was determined by a semimicro-Kjeldahl procedure in 
duplicate. 

For studies in vitro, livers were excised from normal or treated rats (200 
to 300 gm.) of the Rutgers colony (Wistar) or the Long-Evans strain. 
Sodium t-thyroxine (Nutritional Biochemicals Corporation) was used in 
aqueous suspension for high concentrations or in solution as described by 
Hoch and Lipmann (7) for low concentrations. The following reagents 
were used: 3,5-diiodotyrosine (Nutritional Biochemicals Corporation), 
keto-p-hydroxyphenylpyruvie acid (IX and K Laboratories), 95 per cent 
pure pyridoxal phosphate (kindly supplied by Dr. J. B. Neilands), p1- 
thyronine (Nutritional Biochemicals Corporation), and L-triiodothyronine 
(kindly donated by Smith, Kline and French Laboratories). Enol-HPP 
formation was measured with an automatic recording Beckman spectro- 
photometer at 320 mu. The cell compartment was maintained at 37°. 
ienerally, the system of Inox (8) has been used. 

The enzyme preparations were a 1:6 homogenate in 0.15 mM KCI to which 
1 mg. of ascorbic acid (pH 7.0) was added to each flask (HTO) and a 
soluble preparation, similar to that described by Knox (8), obtained by 
centrifuging a 1:3 homogenate (in 0.15 m KCl) at 20,000 * g for 45 min- 
utes (STO). An aged supernatant solution was prepared as previously 
described (1) and contained, essentially, the first two enzymes metaboliz- 
ing tyrosine: tyrosine-glutamic acid transaminase and tautomerase. 
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Results 


The results of short and long term experiments in vivo are shown in 
Table I. Hypophysectomy or replacement with ACTH or GH had little 
effect upon liver tyrosine oxidation. Incorporation of 1 per cent thyroid 
in the diet caused a marked decrease of activity in normal (73 per cent) 
or HYPOX animals (92 per cent). Xanthine oxidase, whose activity is 
known to decrease with lowered nitrogen intake (9), decreased in activity 
by 50 per cent only when thyroid stress was superimposed upon HYPOX, 


TABLE I 


Effects of Hypophysectomy and Hormone Administration on Liver 
Homogenate Tyrosine Oxidation 
Y 


| Average Me of Ay 
Group | days on fare ace Tyrosine oxidation anak Food consumption 
experi- employed growth 
| ment | 
Long term experiment 
| | ul. per om. per day gm. per day 
Normal controls........| 29 | 11 7.3 & 1.0° 6.5 16.0 + 1.5* 
HYPOX controls....... 23 1] 7.1 + 1.6 0.7 5.5 + 1.0 
- + ACTH..... 26 12 6.7 + 1.2 0.6 6.5 + 0.7 
25 9 9.24 1.2 2.9 7.524 1.3 
Short term experiment 
Normal controls......... 14 | 4 | 9.540.1 6.0 13.7 4: 1.3 
” + 1% thyroid... 13 | 3 2.6 + 0.1 3.6 11.0 + 1.4 
HYPOX controls.......) 14 9.9 + 1.4 1.1 7.8 + 0.3 
ie + 1% thyroid. | 12 | 7 0.8 + 0.04— 0.6 6.3 + 0.4 


* Standard error of the mean = W/zd?2/n — 1/Vn. 


hut not when thyroid was administered to normal animals. The failure 


of hyperthyroidism to affect xanthine oxidase (10, 11) is confirmed. 


This suggested that thyroid hormone might be exerting a direct effect 
upon liver tyrosine oxidation and not a secondary effect owing to decreased 
food intake. The values obtained for food consumption in these experi- 
ments by using 30 per cent dietary lactalbumin were in good agreement 
with those reported by Chow and Greep (12) and growth rates after 
hypophysectomy are comparable. GH and ACTH administration caused 
a slight increase in food consumption which confirms the observations of 
Marx ef al. (13). Adrenal weights as a function of total body weight de- 
creased by 25 per cent in HYPOX animals. This decrease was larger in 
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animals receiving GH. ACTH administration produced adrenal weights 
equivalent to those of the control animals. 

Thyroid administration increased adrenal weight by almost 50 per cent 
compared to otherwise untreated animals, indicating a stress mechanism. 
This did not occur after hypophysectomy. Compared to results from 
control animals, hypophysectomy caused decreased endogenous oxidation 
and succinoxidase activity of liver. Thyroid hormone administration 
caused increased liver succinoxidase activity of both normal and HYPOX 
animals. Endogenous decarboxylation of liver was not greatly altered by 
any of the experimental procedures. Animals operated upon and treated 
with thyroid showed a slight decrease in liver endogenous oxidation equiv- 


TABLE II 


Effects in Vivo of Dietary Protein Level and Thyroid Administration on Liver 
Homogenate Tyrosine Oxidation* 


Per cent Average 1 t | 
[No.of cats! | starting dhyroid "oxidation per 
gm. | wl. Or gm. 
30 4 | 220 | | 8.7 (5.8-10.7) (+18 “ +34) 


* Duration of experiment = 8 days. 
t Range. 


alent to that of livers of HYPOX animals; however, thyroid treatment 
of HYPOX animals did not bring about further liver enzyme inhibitions. 

Table II shows the effects of dietary protein level and thyroid adminis- 
tration upon the activity of liver homogenate preparations. It can be 
seen that the activity of the HTO system is reduced by about 55 per cent 
when the dietary protein level is at 5 per cent compared to 30 per cent. 
The addition of thyroid to the high protein level brought about a similar 
reduction in activity. It appears, then, that the activity of this system 
can be decreased by low dietary protein just as liver xanthine oxidase 
activity is reduced by low dietary protein. 

Table III presents the effects of various thyroid conditions, 7n vivo, upon 
the STO system. As with HTO, the addition of thyroid to the diet de- 
creases the STO activity by about 65 per cent. When the activity of the 
group operated upon is based upon body weight, the value of enzyme ac- 
tivity approaches that of the control. Significantly, the group operated 
upon shows activity about 3 times that of a similar group receiving thy- 
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roid. The expression of enzyme activity as a function of body weight is 
thought to account for loss of activity due to decreased food intake pro- 
duced by loss of the glands. When thyroid is added to the diet of the 
animals operated upon, the enzyme specific activity is reduced by about 
65 per cent compared to the unsupplemented controls. _ 

Kring and Williams (14) showed that inanition caused an increase in 
the activity of a soluble tyrosine oxidase system in contrast to low protein 
diets here. The results in vivo obtained here suggested that the thyroid 
hormone was having a direct effect upon the enzyme system (1). For 
these reasons, studies upon the mode of action of the thyroid hormone were 
extended with systems zn vitro. 


TABLE III 
Thyroid States and Activity of Liver Supernatant Tyrosine Oxidase in Vivo* 
Group goog Tyrosine oxidase activity 
ul. Ox per hr. per mg. ul. Ox per hr. per 100 gm. 
supernatant body weight 
Kuthyroid control............. 4 35 (34-38) T 57 (51-62) 
Hyperthyroid (1% thyroid).... 4 12 (10-14) 28 (23-32) 
Thyroparathyroidectomized 
3 21 (19-23) 50 (43-63) 
Thyroparathyroidectomized 
+ .............: 7 ( 3-14) 17 ( 7-34) 


*8§ to 10 day experimental period. 
t Range. 


The use of the Ackermann-Potter technique (15) gave results (Fig. 1) 
which suggest non-competitive inhibition by thyroxine. Fig. 2, showing 
the reciprocal plot described by Lineweaver and Burk (16), demonstrates 
an increased intercept which fulfils one condition of non-competitive inhibi- 
tion. The second condition of increasing slope in the presence of the inhibi- 
tor has not been fulfilled and, indeed, parallel plots are obtained in the 
presence of thyroxine. This suggests uncompetitive action (17). (The 
K, is about 2.0 XK 10-> mM and K; is about 7.7 KX 10-5 mM.) Enzyme activity 
is directly proportional to inhibitor concentration, a situation which is 
somewhat similar to the observations of Caughey et al. (18). Attempts 
to characterize further uncompetitive inhibition by careful measurement 
of velocity constants during the first 2 minutes of the reaction (19) have 
not been successful. 

In Fig. 3 which shows the effect of DIT by using the Ackermann-Potter 
technique it is also demonstrated that DIT inhibits competitively. 

Fig. 4 shows the effect of aging the STO system on the formation of 
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STO) 


O, 


2 


pi.O, PER FLASK PER 40 MIN. 


ML SOLUBLE 
ENZYME 17S) 
Fic. 1 Fig. 2 


Fic. 1. Inhibition of STO by thyroxine by the Ackermann-Potter method. 
Fig. 2. Type of inhibition of STO system by thyroxine by using the Lineweaver- 
Burk plot. 5-10°3 mM thyroxine also produces a curve parallel to the control. 
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Fic. 3. Type of inhibition of HTO by diiodo-L-tyrosine by using the Ackermann. 
Potter analysis. 

Fic. 4. Diagram of strip chart reeording of changes at 320 mp (enol-HPP) at 37°. 
TGTT is the STO system aged for 36 hours at 5°. 
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enol-HPP, the product of the first two enzymatic steps in the tyrosine- 
oxidizing sequence (transamination and tautomerization). It can be seen 
that, after 36 hours of aging at 5°, the oxidative portion of the system 
metabolizing enol-HPP has degenerated (1), leaving essentially TGTT. 
This system has also been tested spectrophotometrically with thyroxine. 
Fig. 5 shows the inhibition produced with the TGTT system and thyroxine. 


O600+ 
= 500+ 
= 
acot 
| 2 
O 
3 2004 
| 
| 
/ | 
TGTT SYSTEM MINUTES 
Fig. 5 6 


Fic. 5. Inhibition of TGTT svstem by thyroxine by using the Ackermann-Potter 
method. 

Fic. 6. Failure of substrate protection. .1, Curve 1 = control STO system con- 
taining 0.5 ml. of enzyme preparation; Curve 3 shows activity of Curve 1 when thy- 
roxine (1073 M) is preincubated for 10 minutes with the enzyme. Curve 2 = control 
for Curve 4 which shows activity when 107% M thyroxine is added with the substrate. 
B, Curves 5 and 6 demonstrate the failure of tyrosine to protect the enzyme from 
thyroxine inhibition. 


The subsequent approach was to determine the active portions of the 
thyroxine molecule (see the accompanying structure) which caused the 
inhibition. 


C B A 
S—0—¢ S—c H.—CH—C0O0O- 
| NH, 


The first study was to determine whether tyrosine, the substrate, could 
partially reverse or protect the enzyme from thyroxine inhibition. Fig. 6, 


Oo 


TABLE IV 
Effect of Various Compounds on STO Activity in Vitro 
Substrate Addition Activity* P 
= 
L-Tyrosine 56 
m EDTAt 55 QS 
6-10-3 m DITt 25 45 
6-10-3 ** L-thyroxine- Na 9 16 
Keto-HPP§ 48 
6-10°° m DIT 30 63 
6-10-% L-thyroxine:- Na 32 67 
L-Tyrosine 60 
pL-phenylalanine 58 97 
6S 
10-3 L-thyroxine|| 34 50 
10-3 pL-thyronine 35 52 
10-3 ‘* L-thyroxine|| + 107° pL-thy- 50 74 
ronine 
10-* L-thyroxine|} + 107° mM pL-thy- 28 4] 
ronine 
64 
10-3 L-thyroxine|| 43 67 
107-3 ** (CH;COO).Cu 16 25 
10-3 + 10°? mM L-thy- 20 31 
roxine! 
is 10-3 m (CH;COO).Cul] + 10-3 mM L-thy- 22 34 
roxine|| 
40 
L-thyroxine| 25 | 65 
5-10°4 Mm (CH;COO).Cu 12 30 
5-10~4 + 10°* L-thy- 17 42 
roxine|| | 
5:10-4mM (CH;COO) + 10-3 M L-thy- 21 53 
roxine|| ( 
37 
10-3 m L-thyroxine 20 54 
10-3 « + mM FeCl, 76 
10-3 + 10-3 CuCl, 8 | 22 
we 10-8 ** CuCl, 10 | 27 t 
10-3 FeCl, 46 | 124 
10-8 1078 L-thyroxine 20 | t 
32 
10-3 1-thyroxine 16 50 ( 
10-3 || + m PP 16 50 ( 
54 
5-10 PP 63 | 117 
10 L-thyroxine}) 33 | 61 
9 5-10 3M PP + 10 3M L-thyroxine| | 37 | 69 t 
5:10°% + 10°73 M L-thyvroxine | 30 | 56 t 
| 
830 
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TaBLE [V—Concluded 


Substrate | Addition Activity 
.-Tyrosine 64 
mM L-thyroxine|| | 35 55 
10-* “ glutathione (reduced) 56 | 88 
“ u-thyroxine|| + 10-3 gluta- 30 | 47 
thione 
35 
10-3 M L-thyroxine | 25 72 
10-3 pL-thyronine 21 
10-3 ** L-triiodothyronine 16 46 


* 0.5 ml. of STO used in all cases. 

t EDTA = ethylenediaminetetraacetic acid. 

t DIT = 3,5-diiodotyrosine. 

§ HPP = p-hydroxyphenylpyruvate. 

|| Tipped in with substrate; otherwise preincubated with enzyme. 
€ PP = pyridoxal phosphate, 95 per cent pure. 


A shows the effect of preincubating the inhibitor with the enzyme for 10 
minutes or adding the inhibitor with the substrate. In either case, approxi- 
mately the same degree of inhibition is obtained. Fig. 6, B shows the 
failure of tyrosine to protect the enzyme from thyroxine inhibition. This 
indicates that thyroxine must be attacking the system at some other site 
than the points of substrate attachment. 

Table IV shows a series of studies zn vitro which was designed to test 
other sites in the system with which thyroxine might be reacting. The 
comparative action of DIT and thyroxine upon the oxidation of tyrosine 
or keto-HPP (a-ketoglutarate omitted) confirms the effect of thyroxine at 
the transaminase level (1). Although an inhibition of keto-HPP oxidation 
of about 30 per cent occurs in the presence of thyroxine, the inhibition of 
tyrosine oxidation due to thyroxine is about 84 percent. Ethylenediamine- 
tetraacetic acid does not inhibit tyrosine oxidation until after about 40 
minutes of reaction. This suggests that the action of ethylenediamine- 
tetraacetic acid occurs at a later point in the sequence, probably at the 
level of homogentisic acid oxidation which appears to involve Cut+ or Fet++ 
(20, 21). Since thyroxine has been shown to form a complex with copper 
22), magnesium, and other ions (23), it was of interest to test the possi- 
bility that ions might be active in reversing the effect of thyroxine. Gem- 
mill (24) has shown that chelation of thyroxine with cupric ion involves 
the hydroxyl group. The action of the cations tested here was to inhibit 
the svstem except in the case of ferrous ion. Copper, which formed a 
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colored complex with thyroxine, failed to reverse the inhibition. This indi- 
cated that the hydroxyl group was probably not the effective group of 
thyroxine. The failure of phenylalanine to produce an inhibition of tyro- 
sine oxidation suggests that portions A and B of the unsubstituted strue- 
ture are not involved in the inhibition. The competitive inhibition pro- 
duced by DIT indicates that portions A and B of the iodinated molecule 
are not primarily responsible for a thyroxine type inhibition. Reduced 
glutathione does not alter thyroxine inhibition, which suggests that a sulf- 
hydryl group is not involved. Experiments with two levels of pyridoxal 
phosphate demonstrate that the coenzyme of the initial reaction does not 
protect from, or reverse, thyroxine inhibition. A comparison of the in- 
hibitory power of thyroxine, triiodothyronine, and thyronine shows that 
all of these compounds are active. Thyronine inhibits to the extent of 
thyroxine and triiodothyronine shows slightly greater inhibition (but still 
comparative) than thyroxine. In this respect it is interesting that the 
triiodinated analogue does not show activity that is many times that of 
thyroxine, as is the case when other end points are used (25). The equal 
inhibitory power of thyronine indicates that the iodide substitution in 
portion C of the structure is probably not responsible for the activity of 
thyroxine. The only remaining component is the phenyl! substitution in 
portion C. This structure is common to all the thyroxine-like compounds 
which produce a thyroxine type inhibition of STO. Failure of the cop- 
per-thyroxine complex to decrease the inhibition absolves the hydroxyl 
group of inhibitory power. The phenyl group in portion C of the molecule 
is responsible for the shift of mode of inhibition from competitive, as shown 
by DIT, to the uncompetitive type. 


DISCUSSION 


The concentration of thyroxine necessary to inhibit this system depends 
upon the concentration of enzyme. Thyroxine appears to ‘‘titrate” the 
enzyme and is effective at low concentrations (1). In general, thyroxine 
has been reported to increase the rates of metabolic reactions, such as its 
uncoupling action in oxidative phosphorylation (23). The present system 
demonstrates a direct inhibitory effect of thyroxine. Few other examples 
of this phenomenon have been observed, except when the mechanism in- 
volves the formation of a metal chelate with thyroxine (26). Shore has 
obtained a similar reaction, however, with the heparin-activated fatty 
acid-liberating enzyme and thyroxine (27). Recently Caughey et al. have 
reported a similar reaction between thyroxine and glutamic dehydrogenase 
(18). Thyroxine, in the case of the tyrosine oxidase system, appears to 
bind the tyrosine-glutamic acid transaminase system at a site which does 
not involve substrate attachment. The active site appears not to be an 
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—SH group. The typical inhibition of thyroxine-like compounds is prob- 
ably due to the second phenyl substitution (of portion C). Iodide sub- 
stitution is apparently not responsible for thyroxine action in this case. 
It appears, in this system, that the hormone acts by a means other than a 
mechanism requiring iodide ion (28), probably by binding the enzyme-sub- 
strate complex. This latter possibility is suggested by reactions of an 
uncompetitive type. 

Epinephrine, a hormone which is metabolically related to thyroid action 
(29), also inhibits STO.? The site and mechanism of this action have not 
yet been determined. Further study of STO as a model for thyroid- 
epinephrine relationships is in progress. 


SUMMARY 


1. Studies zr vivo show that dietary thyroid produces a marked inhibi- 
tion of tyrosine oxidation in normal or hypophysectomized animals. Low 
dietary protein level decreases liver tyrosine oxidation. Thyroparathy- 
roidectomy partially restores enzyme activity to that of untreated animals 
in spite of decrease in food intake. When thyroid is administered to un- 
treated or thyroparathyroidectomized animals, a marked inhibition of 
specific enzyme activity occurs. Concomitant studies of liver xanthine 
oxidase activity demonstrate that the decrease of liver tyrosine-oxidizing 
capacity is not due to lowered protein intake. 

2. Studies zn vitro demonstrate that diiodotyrosine inhibits the system 
at the substrate level while thyroxine appears to inhibit uncompetitively 
at the tyrosine-glutamic acid transaminase level. Further studies show 
that thyroxine inhibition does not involve the site of attachment of the 
substrate to the enzyme, the coenzyme, sulfhydryl groups, or metal chela- 
tion. A comparison of the activities of analogues of thyroxine demon- 
strates that pui-thyronine or L-triodothyronine is as effective as, or a more 
effective inhibitor than, thyroxine. 

3. Studies zn vitro indicate that the portion of the thyroxine molecule 
which produces uncompetitive type inhibition of the tyrosine oxidase 
system is the phenyl portion of the hydroxydiiodophenoxy substitution of 
(diiodo-) tyrosine. 
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Although the production of peptides of intermediate molecular weight 
by proteolytic action has been shown to be an invaluable aid in the analysis 
of the amino acid sequence of proteins (1, 2), the general application of 
this procedure is hindered by the stability of many native proteins to 
proteolysis. Degradative chemical treatment, usually performic acid 
oxidation (1, 2), prior to proteolysis has avoided this difficulty in the past; 
nevertheless, the problem of undesirable side effects seems likely to hamper 
the usefulness of this technique with more complex proteins. Denatura- 
tion of ovalbumin is known to make the protein susceptible to tryptic 
digestion (3). In order that denaturation may be employed as a prelimi- 
nary step to proteolysis, a procedure must be sought which will produce a 
high percentage of denatured product under conditions in which other 
degradative changes are minimal, and the denatured protein must be shown 
to behave as a chemically homogeneous substrate of the proteolytic en- 
zyme. The present paper describes the preparation of a thermally dena- 
tured ovalbumin and presents evidence concerning its molecular uniform- 
ity obtained by quantitative measurement of its tryptic susceptibility and 
sulfhydryl content. 


EXPERIMENTAL 


Ovalbumin was prepared by Warner’s modification (4) of the method of 
Sgrensen and Hgyrup. It was recrystallized at least three times, dialyzed 
against distilled water until salt-free, shell-frozen, and lyophilized. Sodium 
PCMB' was obtained from the Sigma Chemical Company, and solutions 
were prepared by adding a molar equivalent of NaOH and diluting to 
volume. ‘Titration of these solutions with standard cysteine by both the 
volumetric procedure of MacDonnell, Silva, and Feeney (5) and the spec- 
trophotometric procedure of Boyer (6) indicated a purity of 96 per cent. 
The cysteine was the California Foundation for Biochemical Research prod- 


* This investigation was supported by a research grant (No. G-2662) from the 
National Science Foundation. 
1The abbreviation, PCMB, will be used for p-chloromercuribenzoate. 
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uct designated as CfP. Mercaptoethanol and mercaptosuccinate were 
Eastman products. Crystalline trypsin and ribonuclease were obtained 
from the Worthington Biochemical Corporation and crystalline insulin 
from Eli Lilly and Company. All other chemicals were of reagent grade. 
Continuous potentiometric titrations of the course of proteolysis and all 
pH determinations were made with the Cambridge model R pH meter. 

Carbohydrate analyses were made by a slight modification of the orcinol 
method described by Winzler (7), and concentrations were determined in 
terms of a mannose standard. Total phosphate analyses were made by the 
method of Fiske and Subbarow (8). 

The membranes used for dialysis were made of Visking 18/32 cellulose 
casings. 


Results 


The effects of pH and temperature on the course and extent of the ther- 
mal denaturation of ovalbumin have been widely investigated (9-11). 
The large number of other variables involved in such measurements, how- 
ever, made it necessary to reexamine this problem briefly under conditions 
which would facilitate subsequent studies of the course and of the products 
of proteolytic degradation. To minimize possible hydrolytic side reactions, 
only the range from pH 6 to 9 was investigated. Salt-free solutions of 
ovalbumin containing? approximately 5 mg. per ml. were brought to the 
desired pH with 0.1 nN NaOH and heated for various periods of time at 
82° + 1°. After being cooled, the solutions were adjusted to pH 4.8, the 
isoelectric pH of ovalbumin, and centrifuged. The concentration of native 
protein in the supernatant solution was measured spectrophotometrically. 
Under these conditions, the highest yields of denatured protein were ob- 
tained from pH 6 to 7.5. The extent of tryptic degradation (see below) 
of the washed denatured protein was found to be independent of the pH 
of denaturation. Since coagulation during heating occurred below pH 
6.5, the range from pH 7 to 7.5 was selected as that most suitable for fur- 
ther investigation. In this region, the course of denaturation is approxi- 
mated by first order kinetics. At pH 7.3, a heating period of 10 minutes 
is required to produce 87 per cent denaturation. 

A more accurate determination of the number of bonds susceptible to 
trypsin was made by performing the denaturation and digestion on a larger 
scale. Approximately 4 gm. of ovalbumin were dissolved in 125 ml. of 
water, and the pH was adjusted to 7.50 with 1 x NaOH. The solution 


2 The concentration of ovalbumin in all solutions was determined by measuring 
the extinction at 280 my of a diluted aliquot, by using the relation, mg. of protein 
ml.-' = 1.36 X optical density, derived from measurements of dry weight and N 
content. 
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was heated at 82° for 15 minutes. After recovery and washing, an 88 per 
cent yield of denatured protein was obtained. This was suspended in 125 
ml. of distilled water and dissolved by the addition of 1 N NaOH until the 
final pH of the solution was 9.1. The volume of 1.00 N NaOH necessary 
to raise the pH from 9.1 to 10.0 was then determined, and the pH was ad- 
justed back to 9.1. Digestion was initiated by the addition of 40 mg. of 
trypsin in | ml. of water. Since the available evidence suggests that the 
average pl<’ of the terminal amino group of long peptide chains is about 
7.5 to 8.5 (12), base uptake at pH 9.1 might be expected to measure 80 
per cent or more of the bonds hydrolyzed. The course of the reaction in 
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Fic. 1. Continuous titration of H* liberated during tryptic digestion of dena- 
tured ovalbumin; null pH, 9.1; temperature, 25° . 


one such experiment is shown in Fig. 1. Proteolysis proceeded rapidly 
and reached a well marked equilibrium plateau after about 3 hours. This 
allowed the calculation of the amount of hydrogen ion liberated during 
complete tryptic digestion of denatured ovalbumin. An increasing tur- 
bidity, not detected in the more dilute systems studied previously, was 
noted toward the end of the digestion period. After 260 minutes, the 
volume of 1.00 \ alkali, necessary to raise the pH of the solution to 10.0, 
was determined. The difference in the volume of base required for this 
latter titration before and after hydrolysis provided a further approxima- 
tion to the number of amino groups liberated by tryptic digestion. The 
results of calculations from these data are given in Table I. The molecular 
weight of ovalbumin was taken as 45,000 (13). Also included in Table | 
are two experiments, H-1 and H-2, identical in every important way to the 
one Just described, except that PCMB was present during denaturation at 
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a molar concentration equal to 4 times that of the ovalbumin. This varia- 
tion was based on evidence indicating 4 reactive sulfhydryl groups per 
mole of ovalbumin (see below) and was found to eliminate the production 
of H.S found in the preliminary measurements, to increase the yield of 
denatured protein to 94 to 97 per cent, and to prevent the occurrence of 


turbidity during digestion. 
A preliminary fractionation of the tryptic digests of denatured ovalbumin 
could be obtained by lowering the pH to 4.8 to 5.0 and removing the re- 


TABLE 


I 


Maximal Number of Free Amino Groups Liberated by Trypsin 
Digestion of Thermally Denatured Ovalbumin 


Bound H* Amino 
Base uptake | H* libera- Differential base ciel group 
Experiment No. Denatured protein — proteo- tion oe ae uptake from ti- d ie g formed 
ysis at pH 9.1 |proteolysis|trations to pH 10 proteolysis Ba 
equivalents equivalents | moles 
mg. x 108 ml. 0.1 N NaOH | H* per mole ml. 0.1 nN NaOH |H* permole, per mole 
protein protein protein 
1 3642 8.09 2.10 26 0.40 5 31 
H-1 3970 8.82 2.65 30 0.44 5) 35 
H-2 9820 21.82 6.05 28 1.18 5) 33 
TABLE IT 


Distribution of Weight, Mannose, and Phosphate among Three Fractions 
Obtained from Tryptic Digests of Thermally Denatured Ovalbumin 


Fraction Weight Mannose Phosphate 


per cent of total 


per cent of total per cent of total 


50 + 3 89 + 8 25 + 10 
21+ 1 8 + 5 65 + 12 
29 + 3 4+ 2.5 10+ 2 


sulting precipitate by centrifugation. Dialysis of the supernatant solution 
yielded a dialyzable and a non-dialyzable fraction. Each fraction was 
lyophilized, weighed, and analyzed for hexose and total phosphate. The 
average results from four digestions, two with PCMB and two without, 
are given in Table IJ. The error indicated is the maximal variation ob- 
served. Only the phosphate analyses of the non-dialyzable and precipitate 
fractions show variation above experimental error. If digestion is allowed 
to proceed for 4 additional hours, all phosphate is removed from the pre- 
cipitate fraction, with no detectable change in the other analyses. 

The liberation of H.S during heat treatment, the appearance of increas- 
ing turbidity in concentrated solutions of denatured protein on long ex- 
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posure to air, and the long history of investigations of the relationship of 
the sulfhydryl groups of ovalbumin to denaturation (9, 10, 14, 15) led us 
to attempt to relate this third criterion to those previously mentioned. 
Two methods for measuring the extent of reaction of PCMB with the 
protein were employed. In their previous application to ovalbumin (5, 6) 
these methods did not result in completely concordant data. The first, 
that of MacDonnell, Silva, and Feeney (5), consists of the addition of 
excess PCMB to a solution of the protein, followed by titration with stand- 
ard cysteine to a positive (external) nitroprusside test. The results of 
measurements of the sulfhydryl content of native ovalbumin by this titra- 
tion method are summarized in Table III. Usually 3 ml. of 0.005 m PCMB 
were added to 5 ml. of a 15 mg. ml.~' ovalbumin solution, and 3 ml. of 


TaBLeE III 
Sulfhydryl Content of Native Ovalbumin 
| 
Experiment No. | Buffer Titrating agent 
moles 
I Acetate, pH 5.3 Cysteine 3.10 + 0.07* 
2 4.6 3.12 
3 4.6 3 09 
4 3.5 3.08 
5 Phosphate, pH 6.05 a 3.0 
6 Mercaptoethanol 2.9 
oe 7.0 | 2.9 


* Average of seven determinations and standard deviation. 


buffer of the desired pH were added. Titrations were made with 0.005 m 
cysteine. As noted by MacDonnell ct al. (5), the end point of the titration 
became increasingly difficult to determine as the pH was increased toward 
7. Improved end points in this pH region were obtained when mercapto- 
ethanol was used as the titrating agent. The value of approximately 3 
PCMB-reactive sulfhydryl groups per mole of native ovalbumin obtained 
at all values from pH 3 to7 is in agreement with that found by MacDonnell 
et al. (5) at pH 5.3. Boyer, using his spectrophotometric technique (6), 
has reported 4 reactive sulfhydryl groups per mole of native ovalbumin 
at pH 4.6. We have applied this method to our ovalbumin preparations 
and obtained results at pH 4.6 as represented in Fig. 2. The basic meas- 
urement of this method is the increase in optical density due to the forma- 
tion of mercaptide which results from the addition of increasing amounts 
of a sulfhydryl compound to a standard quantity of PCMB in solutions 
buffered at the desired pH. The inflection point of the line then gives the 
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equivalence point. The average value of our measurements was 2.95 + 
0.07 moles? of sulfhydryl per mole of native ovalbumin, in good agreement 
with the titration studies. At pH 7.0, again, a value near 3 sulfhydry] 
groups per mole was determined. Although well defined breaks were ob- 
served in the data for ovalbumin, cysteine gave the indefinite breaks at 
pH 7 noted previously by Boyer. An example is shown in Fig. 3. Mer- 


0.8 
> O.6F 
oO 
0.4+ 
<=] 
O.2+ 
MOLES -SH COMPOUND XI0 MOLES -~SH COMPOUND 
Fic. 2 Fic. 3 


Fic. 2. Spectrophotometric determination of the reaction of PCMB with the 
sulfhydryl groups of native ovalbumin and cysteine. PCMB, 2.8 & 1077 mole; final 
volume of all samples, 5 ml.; (A) cysteine, acetate buffer, pH 4.6, 255 my; (@) oval- 
bumin, acetate buffer, pH 4.6, 255 my; (0) ovalbumin, phosphate buffer, pH 7.0, 
250 mu. The numbers at the points of inflection are the moles of PCMB reacting 
per mole of the compound. 

Fic. 3. Spectrophotometric determination of the reaction of cysteine and cystine 
with PCMB; pH 7.0, phosphate buffer, PCMB, 0.90 X 10°® mole, 250 my; final volume 
of all samples, 10 ml.; (@) cystine, heated for 2 hours at 83° before measurement; 
(4) cysteine, stood at 25° for 2 hours before measurement. 


captoethanol and mercaptosuccinate (6) gave sharp breaks at the calcu- 
lated equivalence point. 

For the determination of the free sulfhydryl groups of heat-denatured 
ovalbumin, it seemed desirable that PCMB should be present during the 
denaturation process, provided its stability under these conditions could 
be demonstrated. Toward this end, PC MB was exposed at a temperature 
of 80-82° in the various buffers and at the pH values employed in subse- 
quent experiments. With use of the criteria of stability of the ultraviolet 
absorption spectrum and the extent of reaction with standard cysteme as 
measured both by the nitroprusside indicator and the spectrophotomet ric 


$ The variation indicated is the standard deviation. 
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titrations, only 2 to 4 per cent of the PCMB was found to have been de- 
stroyed after 90 minutes. The general procedure evolved for determina- 
tion of sulfhydryl groups in denatured ovalbumin by the cysteine titration 
method was as follows: 3 ml. of 0.005 m PCMB were added to 5 ml. of an 
ovalbumin solution containing about 75 mg. ml.~', the pH was adjusted 
to about 7.4, and the solution was heated at 82° + 1° for 15 minutes. After 
cooling, 3 ml. of buffer of the desired pH were added, and the titration was 
performed with standard cysteine. Measurements at pH 5.3 in acetate 
buffer yielded a value of 4.02 + 0.10 sulfhydryl groups per mole of dena- 
tured ovalbumin. In acetate buffer, pH 4.6, the value obtained was 
4.02 + 0.12 sulfhydryl groups per mole. If PCMB was added only after 
heating, the sulfhydryl values obtained were significantly lower, ranging 
from 3.4 to 3.7 groups per mole. Attempts to titrate at pH 6 to 7 led to 
more variable results though in all cases the value obtained lay between 
3.8 and 4.4 sulfhydryl groups per mole. If the heating time was extended 
to periods of up to 90 minutes, the measured number of sulfhydryl groups 
increased to 4.3 to 4.75, but reproducibility was poor. The measurement 
of the maximal sulfhydryl reactivity of ovalbumin at pH 7 in phosphate 
buffer was also attempted with the spectrophotometric technique. The 
same general procedure described earlier was used except that the samples 
were exposed to a temperature of 82° + 1° for from 30 minutes to 3 hours 
before measurement. Although sharp inflections were usually obtained, 
the calculated number of reactive sulfhydryl groups varied widely but was 
never less than 4. The most interesting feature was that the indicated 
number of mercaptide bonds formed was frequently greater than five, 
more than would be expected from available estimates of the cysteine con- 
tent of ovalbumin (13). Boyer’s studies (6) on the specificity of the 
method for mercaptide formation appeared to rule out the possibility that 
reaction of PC MB with other types of functional groups in the protein was 
being measured. Since several studies (14-19) had indicated the possibil- 
ity that PCMB could catalyze the hydrolysis of the disulfide bond, cystine 
Was subjected to heating in the presence of PC MB under conditions similar 
to those used for the study of ovalbumin, and the extent of the reaction 
Was measured spectrophotometrically. In Fig. 3 it may be seen that, with 
use of these criteria, mercaptide formation does occur. Repeated investi- 
gation indicated that the ratio of PCMB to cystine could approach 1.5: 1, 
but the variability of the results was suggestive of the previous experience 
With ovalbumin. Two proteins, insulin and ribonuclease, which contain 
cystine but no cysteine were heated in the presence of PCMB, with the 
results shown in Fig. 4. The heat treatment employed leads to apprecia- 
ble mereaptide formation, resulting presumably from the PCMB-catalyzed 
breakdown of disulfide linkages in the protein. No evidence of the reac- 
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tion was obtained after 12 hours at room temperature. In view of the 
erratic results obtained with cystine and ovalbumin and in the absence of 
any certain knowledge of the reaction products, no attempt was made to 
relate the extent of reaction of PCMB with insulin or ribonuclease to their 
cystine content. 
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Fic. 4. Spectrophotometric determination of the reaction of PCMB with ribo- 
nuclease and insulin. pH 7.0, phosphate buffer; 250 mu; PCMB, 4 X 1077 mole; 
final volume of all samples, 10 ml.; (@) ribonuclease, (mol. wt. 14,000) heated for 
2 hours at 92°; (4) insulin (mol. wt. 12,000) heated for 2.5 hours at 83°. 


DISCUSSION 


When a protein is denatured prior to proteolytic degradation for the 
' purpose of obtaining peptides for further structural and sequence analysis, 
it is, of course, extremely desirable that, whatever changes have taken 
place during and after denaturation, the final product should behave as a 
homogeneous chemical species toward the proteolytic enzyme. A _ ther- 
mally denatured ovalbumin preparation can readily be obtained by iso- 
electric precipitation after heat treatment. This product is_ highly 
susceptible to the action of trypsin. Upon digestion at pH 9.1, a minimum 
of 33 + 2 moles of H* is liberated per mole of ovalbumin (mol. wt. 45,000) 
present. The close correspondence of this figure to the combined total of 
35 lysine and arginine residues determined by amino acid analysis (13), 
together with the well demonstrated specificity of trypsin for these residues 
(20), may be taken to indicate that all, or nearly all, of these susceptible 
bonds are exposed to the action of trypsin during the course of proteolysis. 
Since certain regions of the ovalbumin molecule containing a potentially 
hydrolyzable residue could conceivably resist denaturation or revert to 
the native condition after heat treatment, and since the position of such a 
residue in the sequence of an exposed region of the molecule has been shown 
to be a factor in its susceptibility (21), it is most interesting that the degree 
of proteolysis so closely approaches that predictable from the amino acid 
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analysis. Further evidence for the homogeneity of the denatured protein 
is provided by sulfhydryl analyses of the native and denatured forms. 
MacDonnell, Silva, and Feeney (5) and the present authors find very 
nearly 3 reactive sulfhydryl groups per mole of native ovalbumin. The 
former investigators found that a 4th sulfhydryl group was liberated upon 
denaturation by guanidine (5). The same is true of thermal denaturation 
under the conditions we have employed. Values as high as 4.75 reported 
in several previous investigations of denatured ovalbumin (10) have con- 
tributed to the assignment of 5 cysteine residues to the amino acid com- 
plement of ovalbumin, although complete reaction of the potential 5 groups 
has apparently not been attained experimentally (5, 10, 13). Bearing in 
mind the shortcomings of all methods for sulfhydryl estimation (10), there 
would still seem to be reasonable doubt as to the existence of more than 
the 4 sulfhydryl groups detected by MacDonnell, Silva, and Feeney (5), 
Boyer (6), and the present investigators. If another masked sulfhydryl 
exists, 1t Is not exposed by guanidine or heat denaturation, except perhaps 
after protracted treatment. In the case of prolonged heating in the pres- 
ence of PCMB, reaction of more than 4 moles of PCMB per mole of oval- 
bumin has been demonstrated, but at the present time it is not possible to 
decide whether or not this is due entirely to formation of new sulfhydryl] 
from breakdown of the disulfide linkage or to the release of a more firmly 
masked free sulfhydryl group. The occurrence of the former reaction in 
proteins known to be devoid of cysteine has been demonstrated. The 
over-all mechanism of the reaction can be presumed only by comparison 
with similar disulfide-mercury reactions until characterization of the reac- 
tion products is achieved. It has been reported (16-19) that mercury 
salts react in aqueous solution under mild conditions with many disulfides, 
including cystine, yielding mercaptide and sulfonic acid or, apparently in 
some cases, sulfinie (19) acid. The reaction proceeds as a hydrolysis fol- 
lowed by dismutative oxidation-reduction of the sulfenic and sulfinie acids 
so that the over-all reaction may be written as 


38RSSR + 3H.0 — 5BRSH + RSO;3H 


In the case of PCMB-treated proteins, the resulting sulfhydryl group is in 
the form of the mercaptide. This reaction of PCMB has been suggested 
by Frensdorff, Watson, and Kauzmann (15) as a source of further unfolding 
in serum albumin undergoing urea denaturation in the presence of PCMB. 
The course and stoichiometry of the reaction in the case of protein sulf- 
hydryl groups might well be considerably different from those determined 
for low molecular weight compounds, particularly since dismutative 
changes are involved. Heat treatment of ovalbumin for 15 minutes at 
82° clearly liberates a single previously masked sulfhydryl group. Con- 
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siderably longer heating periods or higher temperatures are required for 
breakdown of the disulfide linkage. <A brief thermal denaturation of oval- 
bumin in the presence of 4 moles of PCMB per mole of protein vields a 
homogeneous product with respect to PCMB-mercaptide linkages, as well 
as to solubility and trypsin susceptibility. The liberation of the bound 
phenolic hydroxyl groups of ovalbumin has previously been reported (22) 
to occur under quite similar conditions. 

A fractionation of the tryptic digest based on isoelectric precipitation 
and dialysis, followed by analysis of the fractions obtained for two readily 
detectable chemical markers, the two phosphates (23), and the carbohy- 
drate residue (24), further indicates that the denatured ovalbumin behaves 
as a homogeneous substrate toward trypsin. 


SUMMARY 


1. Thermally denatured ovalbumin has been prepared in high yield by 
precipitation. 

. Tryptie digestion of the denatured protein results in the hydrolysis 
of pres -three plus or minus two bonds per mole of protein (molecular 
weight 45,000). The relationship of this figure to the combined total of 
35 lysine and arginine residues in the protein is discussed. 

3. Thermally denatured ovalbumin has been shown to contain four 


free sulfhydryl groups per mole. 
4. Evidence is presented for the PCMB-catalyzed decomposition of 


disulfide bonds in cystine, insulin, and ribonuclease. 
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The amino acid requirements of a mouse fibroblast and of a number of 
normal and malignant human cells in tissue culture have been described in 
previous communications (1-4). All the cell lines examined, whether nor- 
mal or malignant, required thirteen amino acids for survival and growth 
(arginine, cystine, glutamine, histidine, isoleucine, leucine, lysine, methio- 
nine, phenylalanine, threonine, tryptophan, tyrosine, and valine). The 
methods used for the determination of the nutritionally essential amino 
acids permitted a direct approach to their metabolic utilization. The pres- 
ent paper describes the incorporation into protein and metabolic utilization 
of phenylalanine and tyrosine by three human cell lines, two deriving from 
normal liver and conjunctiva, and one from a carcinoma of the cervix. 
The data also provide evidence with respect to protein turnover in these 
cultures. 


EXPERIMENTAL 


Growth and Preparation of Cell Suspension—The three cell lines used in 
these studies were strain HeLa (5), and two cultures deriving from normal 
human liver and conjunctiva and originally isolated by Chang (6). AI- 
though these two cells are hereafter referred to simply as “liver” and “‘con- 
junctiva,”’ this is not meant to imply that the cells are in fact hepatic or 
conjunctival epithelium or that they have the same biochemical activities 
as the corresponding cells in the intact host. 

The basal growth medium used in these experiments embodied (a) the 
thirteen amino acids previously shown to be essential for all cell strains 
so far studied (1-4); (b) the eight essential vitamins (7-9) (choline, folic 
acid, myo-inositol, nicotinamide, pantothenic acid, pyridoxal, thiamine, 
and riboflavin); (c) salts (10); (d) glucose; (e) serum protein, the last 
added as 5 per cent dialyzed human serum. The concentrations of the 
various components of the medium have recently been summarized (8). 


* Section on Experimental Therapeutics, Laboratory of Infectious Diseases, Na- 
tional Institute of Allergy and Infectious Diseases. 
t National Institute of Dental Research. 
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For the present experiments, requiring relatively large amounts of material, 
the cells were grown as a layer adherent to the bottom of 1 liter Blake bot- 
tles, overlaid with 60 to 85 ml. of medium, and inoculated with approxi- 
mately 5 million cells. In the experiments which involved growing cell 
cultures, the complete medium, containing randomly C'*-labeled phenylala- 
nine or tyrosine (Schwarz Laboratories, Inc.), was added to a young cul- 
ture in the stage of active proliferation. In such cultures, the amount of 
cells (measured in terms of either volume, dry weight, protein, total nitro- 
gen, or protein nitrogen) increased by 40 to 100 per cent in 24 hours and by 
75 to 250 per cent in 48 hours. Although the amount of growth varied in 
individual experiments, the several parameters of growth gave quantita- 
tively consistent results. 

To study the incorporation and utilization of phenylalanine and tyrosine 
when the cells were not growing, one or more of the other essential amino 
acids were omitted from the medium. Under these conditions there was 
no net growth, and the cell mass and protein either remained unchanged or 
gradually decreased over the 24 to 72 hour period of observation (Table 
I). In most of the experiments carried out with such deficient media, the 
cells were incubated for 12 hours in an unlabeled but similarly deficient 
medium, before the addition of fresh medium containing the randomly 
C'4-labeled phenylalanine or tyrosine. However, that preliminary deple- 
tion had no demonstrable effect on the subsequent incorporation of the la- 
beled amino acids into protein. 

When the cells were ready for harvesting, the supernatant fluid was with- 
drawn, and the adherent cells were washed twice with the balanced salt 
solution. In most of the experiments, the cells were then scraped off the 
glass with a rubber policeman, collected in 5 to 10 ml. of fluid, centrifuged 
in a Shevsky-Stafford tube, and the measured sediment was frozen until 
ready for use. It was then emulsified in 19 volumes of water, and the cells 
were disintegrated by sonic oscillation for 15 minutes in a 9 ke. Raytheon 
sonic oscillator. In later experiments, the intact cell layer on the surface 
of the bottle was washed with cold salt solution, and then treated directly 
with cold 8 per cent trichloroacetic acid (TCA) (10 to 20 ml. per bottle), 
without preliminary scraping. The coagulated cell mass was then har- 
vested, emulsified in a Potter-Elvehjem glass grinder, centrifuged, and 
washed with cold 8 per cent TCA. The latter method yielded as much as 
30 per cent more protein N than did the scraping procedure. This reflects 
the vulnerability of the cells to manipulation before treatment with TCA. 

Depending upon the size of the inoculum, the type of medium, and the 
duration of incubation, from 50 to 200 mg. wet weight of cells were ob- 
tained from each Blake bottle; the cells from three to twenty bottles were 
combined for each determination. Similar harvests of three to six bottles 
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were prepared as controls at the time the labeled medium was added to the 
cell. 

The TCA precipitate was extracted successively with 95 per cent alcohol 
and ether, and was then extracted twice with 5 per cent hot TCA (3 ml. 
per ml. of sonate) at 90° for 15 minutes. The centrifuged “protein” resi- 
due was again extracted with alcohol and ether, and then hydrolyzed in 


TABLE I 
Illustration of Absence of Net Protein Synthesis in Cell Cultures Deprived of One or 
More Nutritionally Essential Amino Acids 


Cell strain Amino acids omitted from growth medium Time of Dry weight; Total N | Protein N 


| 

| incubation 

HeLa _ Tyrosine 0) 142 16.5 10.5 

| 48 | 136 13.0 8.62 

_ Arginine, histidine, lysine, ty- 0 96.2 | 10.6 7.6 

--rosine, tryptophan 12 83.9 9.11 5.88 

| 24 79.1 8.94 5.58 

| Cystine, isoleucine, leucine, 0) 94.6 9.64 7.24 
methionine, threonine, valine — 24 81.8 8.18 6.83 


| 48 | 79.4 | 8.67 | 6.27 


Liver _ Tyrosine | 0 76.4 8.42 5.67 
48 42.9 7.78 5.38 
Cystine, isoleucine, leucine, | 0 | 76.4 8.42 5.67 
methionine, threonine, tyro-; 48 |= 79.6 | 8.22 | 5.85 
sine, valine | 
Conjunctiva Cystine, isoleucine, leucine, 0 99.0 9.7 5.32 


6 
methionine, phenylalanine, = 48 94.5 8.93 6.26 


threonine, tyrosine, valine 


6 N HCl in a sealed tube at 121° (15 pounds autoclave pressure) for 18 
hours. In some experiments the sonically disintegrated cells were ex- 
tracted directly with hot TCA. The two procedures gave similar values 
for cell “protein.” 

Determination of Tyrosine and Phenylalanine —Vhe ion exchange methods 
were patterned after those described by Moore and Stein (11, 12) and modi- 
fed for these experiments, as previously described by us (13). For the 
determination of protein tyrosine and phenylalanine alone, the hydrolysate 
Was evaporated several times to a syrup, made up to a convenient volume, 
and an aliquot containing 2 to 3 mg. of N placed on the top of a LOO X 0.9 
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em. column of Dowex 50-X12, minus 400 mesh, jacketed at 50°. It was 
washed in with two small portions of buffer, pH 5.00 (6.8 gm. of citric acid 
monohydrate and 20 gm. of sodium citrate dihydrate per liter) containing 
1 ml. of BRIJ 35 solution (cf. Moore and Stein (11)) per 100 ml. The 
column was eluted with the same buffer at 8 ml. per hour. 1 ml. fractions 
were collected, diluted with 2 ml. of water, and 1 ml. aliquots from Tubes 
76 through 125 were analyzed with ninhydrin (14). The remainder was 
saved for measurement of C' activity. The column was washed with 
approximately 50 ml. of 0.2 N NaOH after each run and then equilibrated 
with buffer, pH 5.00. 

In some experiments a complete amino acid analysis was performed to 
provide data for other purposes. In these cases the procedure previously 
described (13) was used, except that 1 ml. fractions were collected and di- 
luted with 2 ml. of water. Fig. 3 shows an example of the tyrosine and 
phenylalanine portions of such a complete run. Both methods gave ap- 
proximately the same resolution of tyrosine and phenylalanine. 

Measurement of Radioactivity—Determinations of radioactivity were 
made in a gas flow counter. 0.5 ml. samples of varying dilutions were 
dried in duplicate in 1 inch copper planchets, and a second pair of plates 
was prepared containing the same amount of unknown solution plus a 
known amount of the C'*-labeled precursor amino acid which had been 
added to the medium. A simple calculation gave the C' content of the 
unknown solution relative to that of the amino acid added to the mediun, 
automatically corrected for self-absorption. 


counts (sample) 
counts (sample + standard) — counts (sample) 


C™ sample = C™ standard X 


Results 


Incorporation of C'4-Phenylalanine and C'4-Tyrosine into Protein by Grouw- 
ing Cells—As shown in Table II, when uniformly C'-labeled phenylalanine 
or tyrosine was incorporated by any of the three cell lines from a complete 
growth medium containing the labeled amino acid at the optimal growth 
concentration of 0.1 mM (2), 78 to 97 per cent of the C' incorporated by 
the cells appeared in the cell protein. Significant amounts, usually on the 
order of 4 per cent of the total, were further recovered as phenylalanine 
(or tyrosine) in the cold TCA extract of the cells,'! traces only were found 
in the hot TCA extract, and varying amounts, usually on the order of 5 to 
10 per cent of the total incorporated, appeared in the alcohol-ether extracts 
of the cold TCA residue. Of the protein C', 79 to 92 per cent was re- 


1 The amount of amino acid extracted by cold TCA varied widely according to 


whether it was added to the intact cell layer or to the sonically disintegrated cell 


suspension (Piez, K. A., and Eagle, H., in preparation). 
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covered as the parent amino acid, and, except for the conversion of pheny]- 
alanine to tyrosine, as discussed in a following section, no other amino 
acid was significantly labeled. Under the conditions of the present ex- 
periments, most of the phenylalanine or tyrosine taken up by the cells was 
incorporated into protein as the specific amino acid, with but little conver- 
sion to other cellular components. 

Fig. 1 summarizes the results obtained in a number of experiments in 
which the amount of C'*-phenylalanine incorporated into protein was de- 
termined after 24 or 48 hours growth in a complete medium containing the 
labeled amino acid at 0.1 mm. As indicated by the open points in Fig. 1, 
in all the experiments, and with all three cell lines, more C''-labeled pheny]- 


TABLE II 


Incorporation of Uniformly C''-Labeled Phenylalanine and Tyrosine by 
Growing Cells in Tissue Culture 


. Per cent of pro- 
Labeled amino acid added to of cell phenyl 
Phenylalanine HeLa 89 92 
Conjunctiva 89 92 
94 88 
Liver 81 92 
97 
Tyrosine HeLa 87 87 
Conjunctiva 85 80 
86 S4 
Liver 81 87 


alanine was incorporated than could be accounted for according to the 
amount of cell growth and new protein formed. The less the amount of 
growth relative to the initial cell mass, the greater was the magnitude of 
this discrepancy. 

Incorporation of Phenylalanine by Non-Growing Cells—The probable ex- 
planation of the discrepancy came with the finding that C-labeled pheny]l- 
alanine or tyrosine was incorporated into cell protein even when growth 
had been prevented by the omission from the medium of one or more es- 
sential amino acids. This is shown in the experiments of Tables III and 
IV. In every experiment, despite the absence of net protein synthesis, 
the labeled amino acid was nevertheless incorporated into protein, again 
largely as phenylalanine or tyrosine itself, and, except for glutamine, it 
Was Incorporated to the same degree whether one, two, or seven amino acids 
had been omitted from the medium. Further, as shown in the experi- 
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ments with the HeLa cell (Table III), this incorporation in the absence of 
growth proceeded at a constant rate over a 72 hour period. 


INTO PROTEIN 


MICROMOLES OF C!4-PHENYLALANINE (TYROSINE) INCORPORATED 


iO IS 20 25 30 


MICROMOLES OF PHENYLALANINE (TYROSINE) IN 
NEWLY SYNTHESIZED PROTEIN 


Fic. 1. The discrepancy between the amounts of C!*-phenylalanine or C!4-tyrosine 
incorporated into cell protein by growing cultures, and the amount of new protein 
synthesized. HeLa cell, O, phenylalanine, A, tyrosine; liver, 0, phenylalanine, 
\7, tyrosine; conjunctiva, ©, phenylalanine, [>, tyrosine. Open circles repre- 
sent total C!'!-amino acid incorporated, exceeding the absolute increase in corre- 
sponding amino acid residues of protein. Solid circles indicate net incorporation 
associated with growth, after subtraction for C'4-amino acid incorporated into initial 
cell protein (assuming the same 1 per cent per hour rate as in non-growing cultures). 


The results in three experiments with HeLa cells, in which the amount 
of phenylalanine incorporated into protein was determined at several time 
periods, are summarized in Fig. 2. As shown, the incorporation proceeded 
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like a first order reaction, in that the log (residual unlabeled phenylala- 
nine/total phenylalanine) decreased linearly with time, with a slope corre- 
sponding to an incorporation rate (4) of approximately | per cent per hour. 
The values for & for the HeLa cell in a number of experiments are listed in 
Table III, last column, and averaged approximately | per cent per hour. 
The results obtained in similar experiments with both amino acids and all 
three cell lines are summarized in Table IV. As shown, protein amino 


oO 100 
| 
SOF | 
az | 
| 
K=1.4—- 
| 
aa 70+ | 
Qz2 
K=1O— 
za 
50+ K=0.92 
> 
eG 
& 
l L 
O 24 48 72 


TIME IN HOURS 


‘Fig. 2. The rate of replacement of phenylalanine residues in protein with uni- 
formly labeled C'#-phenylalanine from the medium in the absence of net protein 
synthesis. Hach line represents a different experiment. Growth was prevented by 
the omission of one or more essential amino acids from the medium. The values for 
K indicated represent the percentage of protein residues replaced per hour, calculated 
according to a first order reaction, dy/dt = k(1 — y), in which y is the fraction of 
protein phenylalanine already labeled at time, ¢. The lines as drawn are the theo- 
retical curves for the several values of A indicated. 


acid residues were replaced by labeled amino acid from the medium at a 
uniform rate, varying between 0.74 and 1.1 per cent per hour. 

The excessive incorporation of C'-phenylalanine or C'-tyrosine by grow- 
ing cells (cf. Fig. 1) was apparently due to a similar incorporation into the 
protein of the initial cell population, over and above the incorporation asso- 
ciated with the synthesis of new protein. If the total C'-phenylalanine 
or C'4-tyrosine uptake into the protein of growing cells was corrected for 
this factor, assuming a replacement rate of 1 per cent per hour, the result- 
ing net incorporation associated with growth then agreed reasonably well 
with the actual phenylalanine content of the newly synthesized protein 
(cf. Fig. 1). 

Role of Glucose and Glutamine in Non-Growth Incorporation of Phenylala- 
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nine into HeLa Cell Protein—It is of interest that the incorporation of la- 
beled phenylalanine by non-growing HeLa cells was relatively unaffected 
by the omission of glucose from the medium, but was approximately halved 


TaBLe III 
Incorporation of C''-Labeled Phenylalanine by HeLa Cells in Absence of Growth 
Cells were overlaid for the indicated period of time with a medium deficient in 
one to seven amino acids, but containing randomly C!4-labeled phenylalanine. The 
horizontal rows represent experiments carried out at different times, with varying 
cell populations, and the amounts of phenylalanine incorporated are therefore not 
comparable. The amount of labeled phenylalanine incorporated into protein was 
independent of the number of amino acids omitted from the medium, and the several 
types of experiment are not distinguished below. 


eee Rate of phenylalanine replacement 
Specific activity of 
protein phenylalanine* 


Time of incubation 


Average + s.e. 
hrs. per cent per hr. 
12 0.152 1.4 1.25 
| 0.117 | 1.1 
24 | 0.177 | 0.81 1.02 + 0.08 
| 0.206 | 0.96 
| 0.179 0.84 
| 0.232 | 1.1 | 
| 0.204 | 0.95 | ! 
| (). 289 | 1.4 
(). 236 | 1.1 
48 0.309 0.78 0.86 + 0.07 
0.306 0.76 
0.300 0.74 
(0.446 1.2 
().467 1.3 
0.290 0.71 
0.344 0.88 | 
72 0.376 0.66 0.91 + 0.15 
0.500 0.96 
0.545 | 1.1 
Total average......... | 1.0 + 0.05 


* Referred to initial activity of phenylalanine in medium as 1. 


by the omission of glutamine (Table V). The omission of both glucose and 
glutamine had only slightly more effect than the omission of glutamine 
alone, and the further omission of other essential amino acids did not affect 
the rate of incorporation. 


Conversion of Phenylalanine to Tyrosine by Variant of HeLa Cell—The 
results obtained with an atypical HeLa strain differed in one important. 


prot 
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TABLE IV 


855 


Incorporation of C'4-Tyrosine and C'4-Phenylalanine by Human Cells in 
Tissue Culture in Absence of Net Protein Synthesis 

Growth was prevented by the omission of one to seven essential amino acids from 
the medium. The concentration of tyrosine (phenylalanine) was 0.1 mm through- 
out, and the time of incubation 48 hours. 


umoles of C'4-amino acid incorpo- 
rated by cells 


Rate at which 


: activity yrosine (phe- 
‘acid in medium | Cell strain 
Total nto | “nylalanine) | nylalanine)* | C4-amino acid 
protein | from protein from medium 
hydrolysate 
per cent per hr. 
Tyrosine HeLa 4.17 | 3.21 2.73 0.30 0.74 
4.13 | 3.04 2.37 0.31 0.77 
Liver 3.17; 2.4 2.12 0). 23t 1.09 
14.2 | 11.5 9.81 0.38 0.95 
Conjunctiva |) 4.28 | 3.28 2.68 0.30 0.74 
4.67 | 3.48 2.79 0.34 0.87 
Phenylalanine | Liver 4.02 3.65 3.24 0.322 0.80 
4.89 | 4.16 3.12 0.291 0.72 
Conjunctiva | 3.02) 2.6 2.64 0.338 0.87 
4.2 3.31 2.99 0.386 1.0 
4.64 4.0 3.5 0.382 1.0 


* Referred to initial activity of C'*-phenylalanine or C!4-tyrosine in medium as I. 
24 hour experiment. 
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Fic. 3. A portion of the effluent from the ion exchange analysis of hybrolyzed 
protein from a variant HeLa strain, showing the conversion of phenylalanine to tyro- 


sine. 


The cells were supplied with C'4-phenylalanine and deprived of tyrosine. 
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respect from those described above. This variant appeared spontaneously 
in a stock culture, and was first evidenced by a decreased growth rate and 
by a change in the microscopic appearance of the cells. These now grew 
out as discrete, spindle-shaped cells which resembled fibroblasts, rather 
than the mosaic sheet of epithelium characteristic of the parent HeLa 
strain, still present in parallel stock cultures. In a complete growth me- 
dium this variant strain behaved like the parent culture, in that essentially 
all of the C'+-phenylalanine incorporated into protein was identified as 


TABLE V 
Effect of Absence of Glucose and Glutamine on ‘‘Non-Growth’’? Incorporation of 
C'4- Labeled Phenylalanine by HeLa Cells 


Rate replace- 
| ae Specific activ- Ment Of protein 
Essential growth factors omitted from medium F protein, by phensi 
medium 
hrs. per cent per hr. 
Glucose 24 0.28 1.37 
24 0.20 0.93 
si + 6 amino acids 24 0.18 0.82 
24 0.17 0.78 
Glutamine 24 0.12 0.53 
ie + 6 other amino acids 24 0.1 0.44 
* + glucose 24 0.079 0.34 
es + es + 6 other amino acids 24 0.091 0.40 
24 0.098 0.43 
24 0.086 0.37 
48 0.145 0.33 
48 0.23 0.54 


phenylalanine itself, and there was no demonstrable conversion to tyrosine. 
However, when tyrosine was omitted from the medium, there was signifi- 
cant conversion of phenylalanine to tyrosine, and labeled tyrosine appeared 
in the protein fraction (cf. Table VI and Fig. 3). This conversion of 
phenylalanine to tyrosine was observed whether tyrosine was the only 
amino acid missing from the medium or whether a number of other amino 
acids were simultaneously omitted. Conversely, the presence of tyrosine 
completely suppressed its formation from phenylalanine, whether in a com- 
plete growth medium or in a medium lacking other essential amino acids. 
With this HeLa variant, 12 to 25 per cent of the total C'-phenylalanine 
incorporated into protein in a tyrosine-deficient medium was present as 


* Referred to initial activity of phenylalanine in medium as 1. 
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tyrosine. The specific activity of the protein tyrosine varied in individual 
experiments, and was 20 to 50 per cent that of the protein phenylalanine 
itself. Between them, these two amino acids accounted for 92 to 96 per 
cent of the total C'™ incorporated into protein. Under the conditions of 
these experiments, phenylalanine was thus specifically converted to tyro- 
sine, and there was no significant conversion to other amino acids. 

In the first experiment of Table VI, the amount of tyrosine formed from 
phenylalanine by this atypical HeLa strain and incorporated into protein 
was 0.3 umole per gm. of cell per hour, equivalent to approximately 0.4 per 


TaBLE VI 

Conversion of Phenylalanine to Tyrosine by Atypical HeLa Cell in Tyrosine-Deficient 
Media and Its Inhibition by Tyrosine | 

Uniformly labeled C'4-phenylalanine at 0.1 mm; 48 hour incubation. 


Per cent total protein C4 Specific activity* of 
Essential amino acids omitted from medium re sen 
In phenyl- . Protein Protein 
In tyrosine phenylalanine tyrosine 
Tyrosine 68.4 24.6 0.362 0.184 
Tyrosine | 84.3 11.6 0.214 0.046 
Arginine ! 
Histidine | 
Lysine 
Methionine 
Tryptophan 

None (complete growth medium) 92.5 <f | 0.66 


* Relative to initial activity of phenylalanine in medium as 1. 
t No demonstrable radioactivity, z.e. less than 1 per cent that of phenylalanine. 


cent of the total protein tyrosine per hour. Despite this significant rate 
of tyrosine synthesis, the cell strain proved incapable of sustained growth 
in a tyrosine-deficient medium.? 


DISCUSSION 


Under the conditions of the present experiments, the primary metabolic 
function of phenylalanine and tyrosine appeared to be their direct incor- 
poration into protein, with no significant conversion to other amino acids. 
An exception was provided by a variant HeLa culture which proved capa- 

2 On prolonged cultivation, this variant strain has since lost its ability to form 


tyrosine from phenylalanine, with no further gross change in its morphologic ap- 
pearance. 


858 PHENYLALANINE AND TYROSINE 


ble of oxidizing phenylalanine to tyrosine. The amount of C'*-labeled 
tyrosine so formed and incorporated into protein represented the replace- 
ment of as much as 0.4 per cent of the initial protein tyrosine per hour with 
newly synthesized amino acid. Despite this continuing production of ty- 
rosine, the cells proved incapable of growing in a tyrosine-deficient medium, 
and eventually died. 

The hydroxylation of phenylalanine by this HeLa variant differs from 
the reaction described by Udenfriend and Cooper (15) in liver tissue slices? 
in that it was completely inhibited by the presence of tyrosine in the growth 
medium. In the case of the liver hydroxylase, a 17-fold excess of tyrosine 
over phenylalanine had no effect on the course of the reaction. 

In a growing culture, the amount of phenylalanine or tyrosine incor- 
porated into protein by all three cell lines tested regularly exceeded that 
anticipated from the amounts of new protein formed. The probable ex- 
planation was the observation that, as has been regularly observed in ex- 
periments with tissue slices or cell suspensions, these amino acids were 
incorporated into protein in the absence of net synthesis. <A similar in- 
corporation of labeled amino acid into the initial cell protein apparently 
took place even under conditions of growth. When the total amino acid 
incorporated was corrected for this factor, the net incorporation then agreed 
with that anticipated in view of the amounts of new protein formed. 

Approximately 0.7 to 1 per cent of the total phenylalanine (tyrosine) 
residues of the cell protein of non-growing cultures exchanged with labeled 
amino acids in the medium per hour. This rate was several times greater 
than has been reported for tissue slices (16), for cultures of tissue explants 
in plasma clots (17), or for cell particulate fractions (18). It was, however, 
of the same order of magnitude as the initial rate of incorporation in short 
term experiments with cancer cell suspensions (19, 20). The unusual 
aspect of the present experiments was the fact that this incorporation con- 
tinued at an unchanged rate for a period of 72 hours, by which time more 
than 50 per cent of the total phenylalanine residues of the protein had been 
replaced with labeled amino acid from the medium. 

In explanation of the fact that labeled phenylalanine and tyrosine were 
incorporated into cell protein in a nutritionally deficient medium in which 
there was no net protein synthesis, the same possibilities must be considered 
which enter into any discussion of protein turnover. 


3 It is to be noted that the “‘liver’’ culture used in these experiments failed to 
hydroxylate phenylalanine. One can only speculate (a) whether a culture of liver 
epithelium had lost some of its specialized biochemical functions upon prolonged cell 
cultivation in vitro; (6) whether the full biochemical potential of the cell is not de- 
monstrable under the conditions of cultivation in vitro here used; or (c) whether the 
cell which originally grew out from the liver explant was not hepatic epithelium, but 
some other cell type. 
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(a) As in the exchange reaction described by Gale and Folkes in the case 
of bacteria (21), the labeled phenylalanine or tyrosine of the medium may 
enter the amino acid pool of the cell, and then exchange with unlabeled 
amino acid residues in an otherwise intact protein molecule, and without its 
preliminary degradation. 

(b) In media deficient in one or more essential amino acids, some cells 
are dying. The cell products thereby released may be used for the syn- 
thesis of new cells, the amount of that synthesis being limited by the 
amounts of the missing amino acids thereby made available. The specific 
activity of the protein phenylalanine (tyrosine) in the new cells formed 
would then be essentially that of the corresponding labeled amino acid in 
the medium. 

(c) In the absence of net synthesis or cell turnover, the cells may never- 
theless be releasing protein into the medium, which is then broken down in 
the medium and the products used for the synthesis of new protein as in 
(b). 

(d) There may be active intracellular turnover of protein, as suggested 
by Schoenheimer (22) and more recently indicated by a number of studies 
with normal and malignant cells and tissues (23-28). Such protein turn- 
over within mammalian cells would contrast with the situation in bacteria, 
in which several classic experiments indicate that the formed proteins of 
the cell are not utilized for the de novo biosynthesis of enzymes (29, 30). 
Experiments bearing on these several possibilities are now in progress. 

It is of particular interest that the rate of incorporation of labeled phenyl- 
alanine and tyrosine by non-growing cells was not demonstrably affected 
by the omission of glucose from the medium. This contrasts with the 
finding of many workers (19, 20, 23, 28) that the incorporation of amino 
acids into cellular proteins depends upon an exogenous energy source, usu- 
ally supplied as glucose. In the present experiments, the medium con- 
tained relatively large amounts of glutamine. This has been shown to be 
rapidly converted by tissue culture cells to glutamic acid, aspartie acid, 
and proline, and to a lesser degree to glycine, alanine, and serine as well 
(31); its catabolism might conceivably have provided the necessary energy 
for incorporation. However, upon the omission of glutamine from the 
medium, the incorporation of phenylalanine or tyrosine into protein was 
approximately halved, to 0.3 to 0.5 per cent per hour, but remained at this 
significant level even when glucose and all other amino acids were also 
omitted from the medium, leaving only vitamins, phenylalanine, and salts. 
One must conclude that the incorporation here observed is not energy- 
dependent, unless that energy derives from the catabolism of phenylalanine 
or of some of the cell components. The reduced incorporation caused by 
the omission of glutamine could depend upon an entirely different factor. 
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These tissue culture cells have been shown to break down glutamine to 
glutamic acid and ammonia (31). In the absence of a glutamine reser- 
voir in the medium, the deamidating system would compete with the pro- 
tein-synthesizing system for the relatively small amounts of glutamine 
liberated either by cell turnover, by protein secretion, or by the intracellu- 
lar turnover of protein (hypotheses (b), (c), (d) above). In any case, the 
amount of protein resynthesis would be decreased to the degree that the 
glutamine was in fact hydrolyzed. 


SUMMARY 


The metabolic utilization of uniformly C'!-labeled phenylalanine and 
tyrosine by three human cell strains in tissue culture (uterine carcinoma 
(HeLa), normal liver, and normal conjunctiva) has been examined with 
the following findings: 

1. With both amino acids and all three cell lines, the C4 was incorporated 
almost entirely into protein, and as the corresponding amino acid. 

2. The one exception was a variant strain of HeLa which was able to con- 
vert phenylalanine to tyrosine, though not at a rate sufficient to support 
growth. This hydroxylase activity was manifested only in the absence of 
tyrosine. 

3. Both amino acids were rapidly incorporated into cell protein in the 
absence of net protein synthesis, from media lacking one or more essential 
amino acids other than glutamine. With all three cell lines, 0.7 to 1 per 
cent of the phenylalanine or tyrosine residues of the protein was replaced 
by the labeled amino acid of the medium per hour. This rate was sus- 
tained for 3 days, and was approximately halved by the omission of glu- 
tamine from the medium. 

4. In growing cultures, more phenylalanine or tyrosine was incorporated 
into cell protein than could be accounted for by the amount of growth. 
The excess was consistent with the thesis that the amino acid residues in the 
initial cell protein were being replaced by labeled amino acid from the 
medium at approximately the same rate as in non-growing cultures. 

5. Possible mechanisms of this incorporation, not associated with growth, 
are discussed. 


The assistance of Mrs. Louise M. Morris in the conduct of these experi- 
ments is gratefully acknowledged. 
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PREPARATION AND CONCENTRATION OF THE PITUITARY 
GONADOTROPINS FROM HUMAN PLASMA* 


By H. N. ANTONIADES, R. B. PENNELL, J. W. McARTHUR, 
F. M. INGERSOLL, H. ULFELDER, ano J. L. ONCLEY 


(From the Protein Foundation, Inc., Vincent Memorial Hospital, and the 
Departments of Gynecology and Biological Chemistry, 
Harvard Medical School, Boston, Massachusetts) 


(Received for publication, April 22, 1957) 


Distribution of pituitary gonadotropic activity among fractions of hu- 
man postmenopausal plasma has been previously reported by the authors 
(1-3). When the plasma was separated into five fractions by the ethanol 
Method 6 of Cohn et al. (4), gonadotropic activity was found in Fraction 
II + III, although the other fractions were devoid of significant activity. 
The object of this communication is the presentation of methods for the 
separation from plasma and the concentration of the protein or proteins 
which exhibit gonadotropic activity. 

Two methods of preparation are described, both of them based upon 
the fractionation of human plasma by ethanol and zine salts under condi- 
tions of carefully controlled ionic strength, pH, temperature, and protein 
concentration. One method, G1, permits the preparation of gonadotropins 
without loss of other plasma proteins. Biological data obtained from the 
fractionation by this method of a 7 liter pool of postmenopausal plasma 
are presented. The other method, G2, achieves purification and concen- 
tration of gonadotropins with a minimum of manipulation but with sacri- 
fice of other valuable plasma components. Biological data obtained by 
the application of Method G2 to a 10 liter pool of postmenopausal plasma 
have already been presented (3). 

Although it is not always possible to make large scale application of a 
laboratory technique without appreciable adaptation, the methods to be 
described can be so applied. The successful preparation of pituitary 
gonadotropin by Method G1 from 300 liters of normal human plasma! is 


* This work was supported in part by grants from the Barbara C. Willcox Fund of 
the Vincent Memorial Hospital, the American Cancer Society (Massachusetts Divi- 
sion), Inc., and by research grant No. RG-4444 from the National Institutes of 
Health, Public Health Service, and by gifts from The Kresge Foundation, The King 
Foundation, and from industry. 

! Fraction III-O from a 300 liter pool of plasma obtained from outdated blood ob- 
tained from a hospital was made available by the courtesy of the Biologic Labora- 
tories of the Massachusetts Department of Public Health. This fraction, which 
contains the gonadotropin, is ordinarily discarded in standard plasma-fractionating 
procedures because of lack of utility. 
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presented in detail. The recovery of gonadotropin from normal plasma 
was of special interest inasmuch as the concentration of this hormone in 
normal plasma pools is so low that its presence cannot be detected by direct 
bioassay of the plasma. 


Materials and Methods 


The blood employed was collected either in acid-citrate-dextrose solu- 
tion? or through cationic exchange resins? (IRC-50 or Dowex 50) in the 
Cohn blood fractionation apparatus manufactured by Arthur D. Little, 
Ine. (5). 

The plasma of postmenopausal women was employed for the determina- 
tion of the distribution of the gonadotropins among the human plasma 
proteins and for the development of the methods of isolation, preliminary 
bioassays having shown that gonadotropic activity is readily demonstrable 
in the whole plasma of postmenopausal women, but not in that of men or 
of adult women of menstrual age. A pool made up of plasma from all the 
usual blood donor age groups and from both sexes was used for the large 
scale application of Method Gl. 

The cold ethanol Methods 6 and 9 described by Cohn and his collabora- 
tors (4) and Oncley et al. (6) were employed for the initial stages of plasma 
fractionation. The 6-lipoproteins included in Fraction III-O were sepa- 
rated from the remainder of the proteins in this fraction by a specific pre- 
cipitation with dextran sulfate (7).4 

The choice of plasma fractions from which to conduct the further puri- 
fication of pituitary gonadotropin was dictated by the distribution of hor- 
mone among the various fractions. This distribution and the relative 
gonadotropic activity of whole plasma and of its various fractions obtained 
by cold ethanol Method 6 are shown in Table I and in Fig. 1. The gonado- 
tropic activity appears in Fraction II + III. Traces of activity are de- 
monstrable in Fractions IV-1 and IV-4. The behavior of gonadotropin 
upon subfractionation of Fraction II + III by the standard Method 9 is 
shown in Table II and Fig. 1. The gonadotropic activity is here concen- 
trated in Fraction ITI-O. 

Electrophoretic examination on filter paper was performed by the method 
of Hardwicke (9); filter paper strips were stained with the dye wool black. 


2 Acid-citrate-dextrose solution was prepared according to the National Institutes 
of Health Formula A.: 8 gm. of citric acid, 1H2O; 22 gm. of dextrose (anhydrous) ; 
26 gm. of sodium citrate, 2H2O; made up to 1 liter with distilled water. 500 ml. of 
blood are collected into 75 ml. of the above solution. 

3 Collection of blood through cationic exchange resins involves the sequestration 
of 1 ecaleium ion by exchange with 2 sodium ions of the resin. 

4 The dextran sulfate emploved for this purpose was prepared from dextran which 
had an intrinsic viscosity (n) of 0.67 by the method of Ricketts (8). The sulfur con- 
tent was between 16.5 and 17.5 per cent. 
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The biuret method (10) was employed for estimation of the protein 
content of the samples. 

Zinc glycinate reagent (0.5 M) was prepared as follows: 0.25 mole of 
glycine was dissolved in a small amount of hot distilled water, and 0.1 
mole of zine oxide was gradually stirred in, each portion being allowed to 
dissolve before addition of the next one. After all of the zine oxide was 
dissolved, 0.4 mole of zine acetate was added and the mixture was diluted 
to 1 liter. 

Preparation of Fractions for Determination of Gonadotropic Activity—The 


Precipitate Precipitate Precipitate Supernatant Fluid 
I Tv-4 Y 
Fibrinogen y-Globulins a-Globulins a-Globulins Albumin Supernatant Fluid 
B-Lipoproteins Cholesterol [3-Globulins 
Gonad. Activity 
Precipitate Precipitate 
y-Globulins 3 -Lipoproteins 
etc. Albumin 
Gonad. Activity 
Dextran- Sulfate 
Precipitate Supernatant Fluid 
3-Lipoproteins Globulins, Albumin, Gonad. Activity 


Fig. 1. Distribution of the pituitary gonadotropins in human postmenopausal 
plasma. 


paste form of Fractions I] + III, I] + IlIw, H11-O, and IV-1 was dis- 
solved in small volumes of 0.15 mM sodium chloride and dialyzed for 12 
hours against 0.15 M sodium chloride to remove the residual ethanol. Frac- 
tions 1V-4, V, and Supernatant fluid V were dried from the frozen state 
and dissolved in the smallest possible volume of distilled water. Super- 
natant fluid V was dialyzed against 0.04 mM sodium chloride for 12 to 24 
hours in order to remove the excess salt. The dextran sulfate precipitate 
from Fraction II1-O was dissolved in a small volume of 1 M sodium chloride 
and diluted with 0.04 m sodium chloride to lower the salt concentration. 
Dialysis against 0.15 m sodium chloride followed for 24 hours. All the 
samples were stored at 2° and the pH was adjusted to 7.2 + 0.2 before 
assay. 

‘“Gonadotropic activity,” which presumably comprises the action of 
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TABLE 


Relative Gonadotropic Activity of Whole Postmenopausal Plasma and 
of Its Individual Fractions Prepared by Method 6 


per cent ml, még. mg. 
Whole plasma 100.0 10 3 36.8 14.8 
15 3 38.4 16.7 
30 3 127.0 18.2 
40 3 118.9 21.5 
60 3 110.5 28.9 
Ppt. I 4.1 300 3 36.6 14.4 
II + Ill 25.0 20 6 34.3 14.1 
30 4 65.8 15.4 
40 3 88.7 12.0 
60 3 131.1 12.0 
80 5 120.1 25.1 
Ppt. IV-1 7.5 300 3 34.3 15.7 
450 3 25.9 18.1 
600 3 120.8 22.3 
Ppt. IV-4 11.6 300 3 20.6 12.5 
400 3 49.5 16.7 
700 3 86.1 17.3 
Ppt. V 50.0 400 3 31.2 16.3 
700 3 26.6 18.6 
Supernatant fluid V 1.0 300 2 22.4 12.1 


Mean uterine weights inexcessof 43.9 and meanovarian weights in excess of 20.2 mg. 
are regarded as differing significantly from the control weights (P = <0.01) and 
are in bold-faced type. 


TABLE II 


Relative Gonadotropic Activity of Fraction II + III and of Its 
Subfractions Prepared by Method 9 


per cent ml. mg. mg. 

Ppt. II + III 25.0 20 4 34.3 14.1 
30 4 65.8 15.4 

40 5 88.7 12.0 

60 3 131.1 12.0 

80 5 120.1 25.1 

Ppt. III-O 10.0 20 6 34.4 15.3 
40 5 94.4 13.9 

60 3 147.7 16.0 

80 5 122.2 29.5 

Ppt. II + IlIw 15.0 300 3 26.8 14.7 
450 3 20.6 12.6 


Mean uterine weights in excess of 43.9 and mean ovarian weights in excess of 20.2 
mg. are regarded as differing significantly from the control weights (P = < 
0.01) and are in bold-faced type. 
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two substances, pituitary follicle-stimulating hormone and _ luteinizing 
hormone, was assayed biologically in immature female rats. The method 
previously described (3) was used with the exception that the animals were 
given daily injections of 0.5 mg. of cortisone acetate. : 


EXPERIMENTAL 


The methods to be described are based on the reversible association of 
metal ions with certain functional groups of the proteins (11-13). Zine 
ions, for instance, at a concentration of 15 mM will form water-soluble com- 
plexes with serum albumin, a-lipoproteins, a-glycoproteins, and @-metal- 
combining globulin. Other plasma proteins, including the 8-lipoproteins, 
y-globulins, and fibrinogen, are insoluble under the same conditions. 

Method G1; Further Purification Starting from Fraction II[I[-O. Concen- 
tration of Pituitary Gonadotropins with Preservation of Other Plasma Frac- 
tions—The starting material for further purification of the gonadotropins 
by Method Gl is Fraction III-O prepared by Method 9 (6). It is first 
freed from the bulk of the inactive proteins by a zine precipitation as fol- 
lows: The fraction is brought to the original plasma volume with 0.15 mM 
sodium chloride and pH 6.7 + 0.2 at 2°. Zine glycinate reagent is added 
to the solution to a final concentration of 5 mm with stirring, and, 12 hours 
later, the inactive precipitate, I1]-O3, containing the 6-lipoproteins and 
other insoluble zine globulin complexes is removed by centrifugation at 
4000 r.p.m. at 2°. Supernatant fluid III-O3, consisting of albumin and 
globulins and containing the gonadotropic activity, is brought with stirring 
at —5° to 20 per cent ethanol concentration by means of a 53.3 per cent eth- 
anol solution. Zine glycinate reagent is added to the mixture to a final 
concentration of 15 mm with respect to zinc. The active precipitate, 
III-O4, is centrifuged after 12 hours and is dissolved in small volumes of 
0.15 m sodium chloride and 0.10 m sodium citrate, which combines with the 
zine and enables the protein to pass into solution. The zine is removed 
from the solution by dialysis for 48 hours against 50 mm ethylenediamine- 
tetraacetic acid (EDTA) and 50 mn citrate, which is replaced with fresh 
solution every 24 hours. The EDTA, in turn, is removed from the solu- 
tion by dialysis for 48 hours against 0.15 mM sodium chloride (Fig. 2). 

The relative gonadotropic potency of Fraction II]-O* and of its subfrac- 


> Ina similar study, two III-O subfractions, the III-O dextran sulfate precipitate, 
and supernatant fluids were prepared from a 1.5 liter plasma pool. The precipitate 
Which contains the B-lipoproteins was found inactive (uterine weight 22.4 mg.; 
ovarian weight, 12.8 mg.). The activity was recovered in the supernatant fluid 
(uterine weight, 78.6 mg.; ovarian weight, 20.0 mg.) consisting of a- and B-globulins 
and small amounts of albumin. Both the supernatant fluid and the precipitate were 
examined in amounts equivalent to 100 ml. of plasma. 
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tions is shown in Table III. Table IV presents the degree of purification 
and the recovery of the activity among the subfractions prepared by 
Method G1. In this experiment, the Fraction III-O used for further puri- 
fication was prepared from the 7 liter pool of postmenopausal plasma, 


Precipitate 


Precipi tate Precipitate O 


y-Globulins, etc.  [3-Lipoproteins, Albumin 
Pituitary Gonadotropins 


|Plasma Volume 
[/2 O.15(NaCl) 
5mM Zinc, 2°C .pH68 


PrecipitateII-O3 Supernatant I-03 


B-Lipoproteins Albumin, Globulins 
Globulins Pituitary Gonadotropins 


25% Ethanol 
15mM Zinc-5°C 


Supernatant I-04 Precipitate I-04 
Albumin, Globulins 
Pituitary Gonadotropins 


1/30 Plasma Volume 
0.15(NaCl) 
20% Ethanol, 5°C ,pH6.4 


Precipitate IT-O5 Supernatant I-05 
Globulins Albumin, Globulins 
Pituitary Gonadotropins 


Fic. 2. Preparation and concentration of the pituitary gonadotropins from hu- 
man plasma. Method Gl. 


mentioned above, which was made up from the donations of twenty-eight 
women. The data are similar to results obtained earlier from twenty 
fractionations of individual or pooled plasma samples, the pools being 
derived from two to twelve donors. 

Concentration of Pituitary Gonadotropins from 300 Liters of Pooled Normal 
Plasma by Method Gi—The starting material for the concentration of the 
pituitary gonadotropins was Fraction ITI-O,* equivalent to 300 liters of 


6 Precipitated with 28 per cent ethanol. 
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normal (not postmenopausal) plasma. Method G1, as described above, 
was applied for the concentration of the activity from this fraction. 
Because of the large volumes involved in the first steps of this prepara- 
tion, precipitates were collected by means of the large Sharples supercentri- 
fuge, which readily collects the suspended precipitated proteins but has a 
tendency to disperse lipides. In the collection of the precipitated 6-lipo- 
protein, which comprises the bulk of Fraction III-O, both at the time of 


TaBLeE III 


Relative Gonadotropic Activity of Fraction III-O and of Its 
Subfractions Prepared by Method G1 


per cent mil. mg. meg. 

Ppt. I1I-O 10.0 20 6 34.4 15.3 
40 5 94.4 13.9 

e414 147.7 16.0 

80 5 122.2 29.5 

Supernatant fluid II[-O3 1.5 40 6 39.1 15.5 
60 2 26.2 12.1 

80 t 124.6 25.4 

Ppt. ITI-O83 8.5 300 3 29.0 14.0 
450 3 24.0 14.3 

Ppt. I1I-O4 1.0 20 2 30.1 15.4 
40 4 90.9 17.1 

SO 4 140.2 27.9 

Supernatant fluid III[-O4 0.5 300 3 26.9 13.3 


Mean uterine weights in excess of 43.9 and mean ovarian weights in excess of 20.2 
mg. are regarded as differing significantly from the control weights (P = <0.01) 
and are in bold-faced type. 


separation of Fraction III-O from Supernatant fluid II] + IlIw and of 
collection of Fraction III-O03, it was important that the flow rate through 
the centrifuge be no greater than 250 ml. per minute. Precipitate III-O4, 
containing the gonadotropic activity, was dissolved in 7 liters of a 0.15 M 
sodium citrate solution. Precipitate I1I-O4 contained a total amount of 
200 gm. of protein of dry weight, which consisted of albumin, a- and 8-glob- 
ulins, and a small amount of lipoproteins; dialysis followed as described 
in Method G1. The preparation from the 300 liter plasma pool was some- 
what less pure in respect to gonadotropin than was the similar Fraction 
II-O4 prepared from small plasma pools. 

Further purification was achieved by precipitating the bulk of the inac- 
tive proteins as follows: The protein solution was brought to 10 liters with 
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TABLE IV 


Estimate of Comparative Yields and Purity of Pituitary 
_ Gonadotropins from Human Plasma 


Minimal effective | 


dose in terms of | Purity rel- | Per cent! 
‘Prot j| Purit 
t t 
Fraction 
Uterine Uterine Based on average 
weight weight | weight | weight 
Method G1: Postmenopausal plasma 
per cm 
Pot. ii + Til....... 1.75 | 30 80 | 0.52 | 1.4 3-fold | 75 
0.70 40 80) 0.28 | 0.56 6-fold | 62 
Supernatant fluid | | 
0.10 SO 80 0.08 0.08 | 30-fold | 43 
Pot. 0.07 40 SO 0.028 0.056 | 62-fold | 62 66 
Measured losses 
0.525 600 | 600 3.15 | 3.15 5.8 | 
0.812 400 | 3.24 7.5 
Method G2: Postmenopausal 
7.0 | 14 [28 | 
| 1.75 20) SO 0.35 | 1.4 3-fold 75 
Supernatant fluid II | | | 
(0.10 80 0.04 0.08 35-fold 
Ppt. + (0.05 4080 | 0.02 0. 0.048 60-fold 50 66 
Measured losses 
0.525 500 2.6 | | | 4 
Ee... 0.812 700 | 5.6 | | | 2.8 
3.5 750 36.2 | | | 2.5 


Supernatant fluid | | 


(0.083 


125 | 1000. 0.082 


250 1000 0.075 


Method ¢ Gl: plasmat 


0.66 | 


0.30 | 


effective dose (uterine weight), one on the wihattes minimal effeetive dose (ovarian 


weight), and one on measured | 
on the three calculations. 
+ Bibliographic reference. 


OSSesS. 


This column gives the average estimate based 


t Because of previous inability to obtain an assay with normal plasma, no attempt 
was made to determine the gonadotropic activity of this pool. 
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0.15 m sodium chloride (one-thirtieth the original plasma volume) at pH 
6.8, —5°, and to 20 per cent ethanol concentration with a 53.3 per cent 
ethanol solution. The inactive precipitate, I1I-O5, was removed by cen- 
trifugation at —5°. Supernatant fluid III-O5 was dialyzed against 0.15 m 
sodium chloride to remove the ethanol and was then lyophilized. The 
amount of protein present in the final concentrate, representing 300 liters 
of plasma, was approximately 90 gm., which shows a 200-fold decrease 
from that in the original plasma. Table V indicates the potency of the 


TABLE V 


Gonadotropic Activity of Preparations Obtained from 300 
Liters of Normal Pooled Plasma by Method G1 


per cent ml. mg. mg. 
Ppt. I1I-O04 0.1 125 3 69.3 12.8 
250 3 125.6 15.6 
500 3 127.6 18.9 
1000 3 128.5 23.2 
2000 3 123.4 29.1 
Supernatant fluid III-O5 0.05 125 3 31.9 14.1 
250 3 86.5 16.9 
500 3 143.1 19.9 
1000 3 127.8 26.1 
2000 3 113.6 29.6 


Mean uterine weights in excess of 43.9 and mean ovarian weights in excess of 20.2 
mg. are regarded as differing significantly from the control weights (P = <0.01) 
and are in bold-faced type. 


preparation when tested in amounts equivalent to 125 to 2000 ml. of the 
original plasma. 

Method G2; Further Purification, Starting from Fraction II + III. Con- 
centration of Pituitary Gonadotropins with Sacrifice of y-Globulins and Other 
Fractions—In this method, the starting material for further purification 
of the gonadotropins is the II + III precipitate, this fraction being brought 
to the original plasma volume with 0.15 m sodium chloride at pH 6.7 + 
0.2 at 2°. Addition of zine glycinate was made to a final concentration of 
5 mm zinc. The inactive precipitate, II + Illa, composed primarily of 
y-globulins and @-lipoproteins is removed 12 hours later by centrifugation 
at 4000 r.p.m. at 2°. The active supernatant fluid, I] + Illa, is freed 
from zine by dialysis. Supernatant fluid II + IIIa is then brought to 
20 per cent ethanol at —5° at pH 6.5. The result is the precipitation of 
additional inactive proteins, II + IIIb, the gonadotropins being left in the 
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purified supernatant fluid which was concentrated by lyophilization 
(Fig. 3). In this experiment, a 10 liter pool of postmenopausal plasma was 
used for fractionation. Biological data for Method G2 are described else- 
where (3). 

Preliminary Observation on Stability—Although human plasma stored 
at 5° for 4 months, under sterile conditions, does not lose appreciable 
amounts of gonadotropic activity, dilute protein solutions containing the 
pituitary gonadotropins (for example, Fraction III-O3) stored at 0° seem 
to lose a proportion of the activity within 2 weeks. When the materials 
are kept frozen or as dried powders, there is no loss of activity. 


Precipitate 


{Plasma Volume 
[/2 O.15(NaCl) 
5mM Zinc, 2°C .pH68 


Precipitate Supernatant 
y-Globulins Albumin 
-Lipoproteins Globulins 


Pituitary Gonadotropins 


20% Ethanol 


Precipitate Supernatant b 
Globulins Albumin 


Pituitary Gonadotropins 


Fria. 3. Preparation and concentration of the pituitary gonadotropins from human 
plasma. Method G2. 


DISCUSSION 


Not only can pituitary gonadotropins be isolated from human plasma, 
but this isolation can be adapted to serve the primary purpose of the in- 
vestigator. If preparation of plasma gonadotropin be the sole aim, a 
simple procedure, G2, is available. Human plasma proteins being ex- 
tremely valuable materials, however, any extensive program for obtaining 
a single component must look toward the preservation, at least, of those 
plasma proteins of proved clinical value. Method G2 as it now stands 
sacrifices the clinically valuable y-globulin, although a method could un- 
doubtedly be devised for reclaiming this protein from precipitate [I] + 

Method G1 conforms to the standard fractionating procedures, cold 
ethanol Methods 6 and 9, used for the preparation of plasma proteins of 
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known clinical usefulness. It uses as starting material Fraction III-O, 
composed to a large extent of 8-lipoprotein, for which there is at present 
no known clinical use. Fraction III-O is ordinarily discarded in the routine 
preparation of y-globulin and albumin. | 

Comparative yields and purity, in so far as these can be deduced from 
the data, of gonadotropic hormone prepared from postmenopausal plasma 
by Methods G1 and G2 and from normal plasma by Method G1 are given 
in Table IV. Approximately two-thirds of the original activity is recov- 
ered in the final product prepared from postmenopausal plasma with a 
60-fold increase in purity. Method G1 yields materials comparable in 
quantity and purity to those of Method G2. Method G1 would appear, 
except from the standpoint of simplicity, to be the method of choice. 

The gonadotropic hormone bioassays suggest that the normal plasma 
pool contained about one-eighth as much hormone as did postmenopausal 
plasma. Many attempts were made to detect gonadotropin in normal 
plasma by the bioassay technique employed in this study. All efforts 
failed, the rats succumbing to an excess of injected plasma before levels 
were reached which would define the minimal effective dose for uterine 
enlargement. Because of this previous experience, an assay of the 300 liter 
pool of this study was not attempted. Actually, the recovery of gonado- 
tropin from this pool suggests that a minimal effective dose for the pool | 
might have been obtainable. The purity of the preparation from normal 
plasma was somewhat lower than that from postmenopausal plasma. 

A higher degree of purification than any described in this report has 
been obtained by methods previously described by the authors (2). The 
yield, however, was approximately one-third of the original activity. 

This study has not explored the question whether ‘‘gonadotropic activ- 
ity”? is a property of one or of several protein molecules. If more than 
one active component is involved, it can be inferred that all had similar 
characteristics of solubility under the conditions used. 


SUMMARY 


The preparation and concentration of the pituitary gonadotropins from 
human plasma have been described in detail. The two methods developed 
for this purpose are based on the fractionation of human plasma with 
ethanol and zine salts with controlled ionic strength, temperature, pH, 
and protein concentration. 

One of these methods has the advantage of relative simplicity, the other 
achieves the isolation of the hormone without sacrifice of other valuable 
plasma proteins. 

One of these methods was successfully applied for the preparation of the 
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pituitary gonadotropins from 300 liters of pooled normal plasma, achieving 
a 200-fold decrease in protein from that of the original plasma. 


13. 
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THE KINETIC PROPERTIES OF YEAST AND MUSCLE 
PHOSPHOGLYCERIC ACID MUTASE* 


By VICTOR W. RODWELL,t JACK C. TOWNE,f{ SANTIAGO GRISOLIA§ 


(From the Mcllvain Laboratories, Department of Medicine, University of 
Kansas Medical Center, Kansas City, Kansas) 


(Received for publication, March 27, 1957) 


During the past quarter of a century, the enzymes of the glycolytic 
scheme, with the exception of phosphoglyceric acid mutase, have been 
highly purified, and the properties of many of them have been investigated 
in detail. 

The first description of phosphoglyceric acid mutase by Meyerhof = 
Kiessling (1) arose from their discovery that phosphoglyceric acid isolate 
from yeast consisted of a mixture of 2- and 3-phosphoglyceriec acids. Suth- 
erland, Posternak, and Cori (2, 3) showed that 2,3-diphosphoglyceric acid, 
first isolated 25 years earlier by Greenwald (4), exhibited coenzyme activ- 
ity for this enzyme. They also reported a partial purification of the en- 
zyme from extracts of rabbit skeletal muscle and pointed out that these 
preparations contained diphosphoglycerate phosphatase activity. More 
recently, Cowgill and Pizer (5) have also reported a partial purification of 
mutase! from the same source and described some of its properties. The 
crystallization of mutase from bakers’ yeast has recently been reported 
by us (6). 

This paper presents a procedure for the preparation of a highly purified 
mutase from rabbit skeletal muscle. Although not crystalline, this prepa- 
ration has a specific activity comparable to that of the crystalline yeast 
enzyme. In addition, we present a comparative study of the enzymatic 


* This work is taken from the thesis material of V. W. Rodwell submitted to the 
Graduate School of the University of Kansas in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy. Supported in part by grants No. 67, the 
Helen Hay Whitney Foundation, and No. H-1925, National Institutes of Health. 

Tt Present address, Department of Biochemistry, University of California, Berke- 
ley, California. 

t Postdoctoral Fellow of the National Heart Institute, National Institutes of 
Health. Present address, Institute for Psychosomatic and Psychiatrie Research and 
Training, Michael Reese Hospital, Chicago, Illinois. 

§ Established Investigator of the American Heart Association. 

'The following abbreviations have been used: mutase, phosphoglyceric acid 
mutase; 3-PGA, p-3-phosphoglycerie acid; p-2-PGA, p-2-phosphoglyceric acid; 
DL-2-PGA, acid; 2,3-PGA, p-2,3-phosphoglycerie acid; Tris, 
tris(hydroxymethyl)aminomethane; DTA, ethylenediaminetetraacetic acid; PEP, 
phosphoenol pyruvate. 
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properties of crystalline phosphoglyceric acid mutase from yeast and of the 
highly purified enzyme from muscle. In the following paper (7), a com- 
parative study of the physical properties of these enzymes is presented. 


EXPERIMENTAL 


Materials and Methods—The barium salt of 3-PGA (Schwarz Labora- 
tories, Inc.)? was dissolved in dilute HCl, and the barium was precipitated 
by addition of a slight excess of K2:SO,. The supernatant liquid obtained 
after centrifugation was brought to pH 7 with KOH solution. p13-2-PGA 
was synthesized from 6-glycerophosphate (Eastman) as described by Kies- 
sling (9) and purified as described by Warburg and Christian (10). The 
purified product was free of inorganic phosphate. 2,3-PGA was syn- 
thesized by the method of Baer (11) and also isolated by a modification of 
the procedure of Greenwald (4). p-2-PGA was a gift of Dr. Clinton Bal- 
lou. Barium-free solutions of 2- and 2,3-PGA were prepared in the way 
described for 3-PGA. The assay of 2,3-PGA and the preparation of puri- 
fied 3-PGA and of enolase free of mutase have been described in an earlier 
publication (8). 

Solutions of tris(hydroxymethyl)aminomethane (Sigma) were brought 
to the desired pH with HCl. Disodium EDTA was obtained from the 
Geigy Chemical Company. 

Inorganic phosphorus was determined by the method of Gomori (12). 
Protein was estimated by a modification of the biuret method, permitting 
color development in the presence of NH,* (13). The sample to be ana- 
lyzed was diluted to 2 ml. with water, and 1 ml. of the biuret reagent was 
added. After mixing and standing at room temperature for 5 minutes, 
the samples were read against a reagent blank at 520 mu in the Beckman 
DU spectrophotometer. Crystalline yeast phosphoglyceric acid mutase 
dialyzed free of salt and lyophilized has the same chromogenicity as egg 
albumin (Difco) which was used as a standard protein. 

p-2-PGA was determined as follows: To quartz absorption cells of 1 cm. 
path were added 0.5 ml. of m Tris, pH 7.0, and 0.3 ml. of 0.1 m MgSQ,. 
To the blank cell, water was added to a final volume of 3.0 ml. After mix- 
ing, the optical densities were measured at 240 mu versus the blank cell, 
giving the initial corrections. To each cell, blank included, were added 
about 5 enzyme units of enolase in a volume of 0.05 ml. The cell contents 
were mixed and incubated at 30° for 20 minutes. The optical densities 
measured versus the blank cell at 240 my were recorded after three identical 
optical density readings at 2 minute intervals had indicated that equilib- 

2 Qur samples contained 0.0026 mole of 2,3-PGA per mole of 3-PGA (6, 8). 

3 Deionized, doubly distilled water was used throughout the work presented in 
this paper. 
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rium had been reached. ‘The initial correction for each cell was subtracted 
from its optical density at equilibrium, giving the corrected equilibrium 
optical density. Concentration of p-2-PGA was calculated from the re- 
lationship 


umole p-2-PGA in sample = ywmole p-2-PGA in standard X 
| equilibrium optical density of sample 


equilibrium optical density of standard 


1 ymole gave a corrected equilibrium optical density of 0.325 at 30°. The 
method may be applied to samples deproteinized with 2 volumes of 1 Mm 
HClO,, neutralized to pH 7.0 with NaOH, and buffered with 100 umoles 


T 


MIN. 


SLOPE, 0.D. UNITS PER 


5 20 
AU Liters of Enzyme 
Solution 
Fig. 1. Estimation of mutase activity by the enolase coupled method (6). Assay 
of crystalline yeast mutase, 42 y per ml., at 30°. Initial rates of increase in optical 
density (O. D.) at 240 mz plotted versus microliters of enzyme solution. 


of Tris at pH 7.0 prior to assay. This assay was used to measure the 
mutase reaction and was utilized in all studies unless otherwise indicated. 

In addition, the rapid coupled assay with an excess of enolase (6) was 
used for following enzyme activity particularly during purification. The 
linear response with this coupled assay is shown in Fig. 1. In all the ex- 
periments on the properties of the enzymes, two or three times recrystal- 
lized yeast mutase, specific activity 2550, and Fraction 5 muscle mutase, 
specific activity 2050, were used. Substrate, coenzyme, and buffer were 
brought to the desired temperature, usually 30°, before addition of the 
enzyme. p-2-PGA formed or remaining after incubation was then esti- 
mated as described above. 

Distribution of Mutase in Beef, Sheep, and Rabbit Tissues—From Table I, 
it is apparent that, in both beef and sheep, heart and skeletal muscle ex- 
hibit the highest activities for mutase, with brain close behind. The sheep 
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tissues in general exhibited higher specific activities than the correspond- 
ing tissues from beef. The specific activities of the rabbit tissues are not 
directly comparable with those of beef and sheep, since protein was assayed 
by a different method. These values were included in order to illustrate 
the difference between rabbit heart and skeletal muscle. 


TABLE I 
Distribution of Mutase in Beef, Sheep, and Rabbit Tissues 


Tissue | Activity | Total solids | Specific activity 
| units per mi. mg. per ml. | unils per meg. 
Beef | | 
Heart | 69 | 8.9 | 7.8 
Kidney 24 | 9.7 2.5 
Liver | 32 | 19.6 1.6 
Brain 44 | 3 6.0 
Skeletal muscle | 62 | 7.9 7.8 
Sheep | 
Heart 112 | 8.6 13.0 
Kidney 53 | 15.4 | 3.5 
Liver 21 20.2 1.0 
Brain 34 6.3 5.4 
Skeletal muscle 136 | 9.7 14.0 
Rabbit | 
Heart | 21 | 6.1* 3.4 
Skeletal muscle 82 | 5.1* 16 


Beef and sheep tissues, obtained fresh from the slaughterhouse, were packed in 
ice for about 1 hour, then homogenized in cold, isotonic KCl] in a glass homogenizer 
and centrifuged at 0°. The supernatant liquids were assayed for total solids by 
drying aliquots for 5 hours at 70°. Weights were corrected for KCl content. Fresh 
rabbit heart and skeletal muscle were ground to a paste with sand at 5° and diluted 
with water to about a 1:10 suspension. The supernatant liquids after centrifuga- 
tion were dialyzed against water for 2 hours, then assayed for protein by the biuret 
method. Mutase activity in all tissues was determined by the enolase coupled 
assay method (6). 

* My. of protein per ml. 


Preparation of Acetone Powder of Rabbit Muscle—In addition to pro- 
viding a dry, stable source of enzyme, acetone powder offers the advantage 
that it requires a smaller volume of solution to extract the enzyme than 
does a tissue mince or homogenate. Furthermore, both the total amount 
of soluble enzyme and the specific activity of water extracts of muscle 
acetone powder were higher than those for a water extract of a comparable 
quantity of minced tissue. 

Acetone powder of rabbit skeletal muscle was prepared essentially as 
described by Grisolia (14). Five large rabbits yielded about 800 gm. of 
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dry acetone powder. When stored in vacuo at 5° over anhydrous alumina, 
this powder retained its activity for as long as 6 months. 

Purification of Muscle Mutase—Throughout this procedure all operations 
were carried out at 0-3° unless otherwise specified. Centrifugations were 
continued until a clear separation was obtained, the times indicated having 
been found adequate at approximately 2000 X g. pH was measured with 
a glass electrode at 25°. Ammonium sulfate solutions were saturated at 
25° and neutralized to pH 7.0 + 0.1 by the addition of concentrated am- 
monium hydroxide solution; pH was determined for a 1:20 dilution. Am- 
monium sulfate solutions were used at 25°. 

In a typical preparation, 300 gm. of acetone powder in polyethylene 
centrifuge bottles were extracted, on ice, with 3 liters of cold water for 15 
minutes with occasional shaking. The bottles were then centrifuged for 
10 minutes. The supernatant liquid was retained, and the residue was 
reextracted in the same manner with another 3 liters of cold water. The 
combined supernatant liquids, designated the ‘‘acetone powder extract,” 
had a volume of 5150 ml. This extract was stable for at least 48 hours 
at —20°. 

The acetone powder extract was brought to pH 4.2 + 0.1 by the addi- 
tion of about 145 ml. of cold, 2 N acetic acid. A small amount of precipi- 
tate formed and was removed by centrifugation for 10 minutes. The super- 
natant liquid was rapidly adjusted to pH 6.8 + 0.2 by the addition of about 
125 ml. of cold, 2N NaOH or KOH. The heavy precipitate which appeared 
on neutralization was removed by filtration through a coarse, fluted 
paper. The clear filtrate, Fraction 1, had a volume of 4930 ml. and was 
stable for at least 48 hours at — 20°. 

To Fraction 1 were added slowly, with good mechanical stirring, 3230 ml. 
of acetone measured and added at —20°. The rate of addition of acetone 
was adjusted so that the temperature did not rise above 6°. The mixture 
was centrifuged for 15 minutes. The supernatant liquid, which was ap- 
proximately 41 per cent acetone (by neglecting volume changes), had a 
volume of 7924 ml. Toit were added 1665 ml. of acetone, under the above 
conditions, bringing the acetone concentration to about 51 per cent. After 
centrifuging for 15 minutes, the supernatant liquid was discarded, and the 
precipitate was taken up in small portions of cold water to a final volume 
of 250 to 300 ml. The precipitate was not completely soluble; the suspen- 
sion was therefore centrifuged for 10 minutes, and the insoluble material 
discarded. Since the protein concentration appeared to be a critical factor 
in the next step, the clear, slightly pink supernatant liquid was diluted to a 
protein concentration of 16 + 0.5 mg. per ml. with cold water to give 
Fraction 2. Fraction 2 was stable for at least a week at —20°, but lost 
activity when stored at this temperature for several weeks. 
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To Fraction 2 was added, with stirring, an equal volume of ammonium 
sulfate solution. The mixture was placed in a water bath at about 70°, 
with good stirring, until the temperature inside the flask reached 55°. The 
flask contents were kept at 55° + 1° for 10 minutes, then cooled on ice to 
0-3°. A volume of cold water equal to the volume of Fraction 2 (before 
addition of the ammonium sulfate solution) was added, with stirring, and 
the mixture was kept on ice for 5 minutes. The flocculent precipitate was 
removed by filtration through a coarse, fluted paper. The filtrate, Frac- 
tion 3, had a volume of 1370 ml. and was stable at — 20° for several weeks. 

To Fraction 3 were added, with stirring, 1.7 volumes of ammonium sul- 
fate solution. The mixture was cooled to 0-3° and centrifuged for 1 hour. 


TABLE II 
Purification of Muscle Phosphoglyceric Acid Mutase 
Fraction No. Volume Total activity Total protein Specific activity Recovery 
ml, units* mg. units per mg. per cent 


Acetone pow- 


der extract 5150 3.40 XK 10° 40,000 85 100 
1 4930 3.10 XK 108 21,700 143 91 
2 490 2.40 X 108 8,300 289 70 
3 1370 8.32 & 105 1,410 590 24 
4t 88 7.9 X 105 906 70 23 
5 17 7.0 X 105 340 2060 21 


* 1 enzyme unit has been defined as that amount of enzyme which causes an in- 
crease in optical density of 0.100 per minute under the assay conditions of the enolase 
coupled method (6). 

+ In practice, only about one-fourth of Fraction 4 was further fractionated at a 
single time. 


The supernatant liquid was discarded, and the precipitate was taken up 
in a minimal volume of cold water. Since the precipitate was not com- 
pletely soluble, the suspension was centrifuged for 10 minutes. The insol- 
uble material was discarded, and the protein concentration of the super- 
natant liquid was adjusted to 10 mg. per ml. to give Fraction 4. This 
fraction was stable for several weeks at — 20°. 

To each volume of Fraction 4 was added 0.8 volume of ammonium sul- 
fate solution. The mixture was centrifuged, and the supernatant liquid 
was discarded. The precipitate was dissolved in a small quantity of cold 
water to give Fraction 5. This fraction was stable at —20° for several 
weeks. 

A summary of the purification procedure appears in Table II. Fraction 
5 was free of enolase activity and appeared homogeneous in the ultracentri- 
fuge (7). 
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Properties of Enzymes 


Inactivation at Low Concentrations of Protein—The stability of highly 
diluted mutase was investigated since it was necessary to dilute the enzyme 
to protein concentrations as low as 0.02 y per ml. for most studies. 

Yeast mutase was diluted to a protein concentration of 0.04 y per ml. 
with cold water. A similar dilution in 1 per cent egg albumin solution 
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Fic. 2. Kinetics of yeast mutase with 3-PGA as substrate at pH 7.0. The incuba- 
tion volume was 2.0 ml. The additions were as follows: 3-PGA, 88.5 umoles; Tris, 
pH 7.0, 100 uwmoles; and yeast mutase, from 0.46 to 9.25 7. The results are ex- 
pressed as the per cent initial substrate turned over versus the enzyme-time pro- 
duct (EF X t) expressed as micrograms of enzyme protein per ml. times incubation 
time in minutes. 

Fic. 3. Kinetics of veast mutase with 2-PGA as substrate at pH 5.9. The incuba- 
tion volume was 1.0 ml. The additions were as follows: pL-2-PGA, 65.6 umoles; 2,3- 
PGA, 0.156 umole; potassium acetate, pH 5.9, 100 umoles; and yeast mutase, 1.12 y. 
The results are expressed as in Fig. 2. 


(Difco) was also prepared. Both samples were assayed immediately for 
mutase activity, kept at 0° for 30 minutes, and then reassayed. The sam- 
ple diluted in water lost 80 per cent of its initial activity, while the sample 
diluted in egg albumin solution retained its activity. In all experiments 
requiring high dilutions of mutase, 1 per cent egg albumin solution was 
used as a diluent. 

Kinetics—The kineties of the yeast mutase reaction from 3-PGA to 
2-PGA and for the reverse reaction were investigated (Figs. 2 and 3). 

With 3-PGA as substrate, turnover was not a linear function of the en- 
zyme-time product for turnovers greater than 2 per cent. With pi-2-PGA 
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as substrate, linearity existed for turnovers up to 45 per cent of the p-2- 
PGA present initially. In most experiments, therefore, pL-2-PGA was 
used as a substrate, and turnovers were kept between 15 and 40 per cent 
of the D isomer. 

Effect of pH—The activity of yeast and muscle mutase at various pH 
values was studied with 3- or pL-2-PGA as substrate for the yeast enzyme 
and with pL-2-PGA as substrate for the muscle enzyme. In addition, the 
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Fic. 4. The effect of pH upon mutase activity. Aliquots of a reaction mixture 
containing 3-PGA or pL-2-PGA and 2,3-PGA were adjusted to various pH values by 
the addition of Tris, potassium acetate, acetic acid, or KOH and diluted to 2.5 ml. 
2 ml. samples contained the following, expressed as micromoles per ml.: buffer, 50; 
3-PGA, 80, or pL-2-PGA, 26; 2,3-PGA, 0.2; and from 0.35 to 0.95 y of enzyme. The 
results are expressed as per cent of the maximal observed activity for each experi- 
ment. O, yeast mutase, pL-2-PGA as substrate; @, yeast mutase, 3-PGA as sub- 
strate; 0, muscle mutase, pL-2-PGA as substrate. @, yeast mutase, when 3-PGA 
was used as a substrate and assayed by the coupled enolase method (6). 


effect of pH upon the rate of conversion of 3-PGA to PEP by yeast mutase 
in the presence of an excess of enolase (6) was determined (Fig. 4). 

At pH 5.9 enolase still exhibited activity (approximately 35 per cent of 
its activity at pH 7.3). As may be seen from Fig. 4, the pH optimum for 
the conversion of 3-PGA to PEP was about 7.0, while the true mutase 
optimal pH was 5.9. The optimal pH of mutase measured alone and in 
the presence of excess enolase therefore differed by slightly more than 1 
pH unit. 

Effect of EDTA, Mgt*+, Mnt+, Cat+, and Srt*+—tThe effect of EDTA 
and certain cations on mutase activity was investigated in order to at- 
tempt to determine whether a divalent cation was required. The assay 
conditions were as follows: pLt-2-PGA, 5 or 8 umoles; 2,3-PGA, 0.7 umole; 
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sodium acetate, pH 5.9, 50 umoles; 0.04 y of yeast or muscle mutase; when 
used, EDTA, 5 wmoles, or MgSOy, MnSOy, CaClo, or SrClz, 10 umoles; all 
ina volume of 0.5 ml. No significant difference in substrate turnover was 
observed between the control and experimental tubes. When 100 umoles 
of MgSO, or SrCl, were used, about 75 per cent inhibition occurred with 
Mg**+ and about 15 per cent with Sr+. 

Inhibition by Zn*++—Zn** at concentrations as low as 2 * 10-4 m in- 
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Fie. 5. Effect of Zn*t* upon mutase activity. The incubation volume was 0.25 
ml. The additions were as follows: 2,3-PGA, 0.39 umole; sodium acetate, pH 5.9, 
50 umoles; Zn(C2H;302)2, from 0.065 to 0.15 umole; 0.04 y of veast mutase; and pL-2- 
PGA. O, 13.2 umoles of pL-2-PGA per ml.; @, 8.7 umoles of pL-2-PGA per ml. The 
results are expressed as the ratio of the velocity in the absence of Zn*+ (V) to the 
velocity in the presence of Zn*+ (Vz) versus Zn*t* concentration in micromoles per 
ml. 

Fic. 6. Effect of Zn** upon the conversion of 3-PGA to PEP. Assayed by the 
coupled enolase method (6). Zn*t* was added as Zn(C2H;O2)2. The results are 
expressed in the same way as those in Fig. 5. 


hibited the mutase reaction (Fig. 5). It also inhibited the conversion of 
3-PGA to PEP by mutase and enolase (Fig. 6). 

If Zn++ inhibited by competing with pi-2-PGA for enzyme, the degree 
of inhibition at a given concentration of Zn*+*+ should have decreased when 
the substrate concentration was raised. We found, however, that the 
reverse happened. Malmstrém (15) has shown that Zntt+, and 
Mg++ form 1:1 complexes with pL-2-PGA, and that the dissociation con- 
stants for the metal-2-PGA complexes increase in the order given. The 
data of Fig. 5 are consistent with the hypothesis that the Znt+t+-2-PGA 
complex is the actual inhibitor rather than the metal itself. If this were 
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the case, raising the concentration of either pLt-2-PGA or Mgt+ would be 
expected to increase the observed inhibition. As was noted previously, 
high concentrations of Mgt* (0.2 m), but not of Sr++, markedly inhibited 
mutase activity. This observation is consistent with Malmstrém’s meas- 
urements of the relative stability of the Zn*+*+ and Mg*+* complexes with 
pL-2-PGA and supports the hypothesis that the metal-substrate complex 
may be the actual inhibitor. Malmstrém (16) has suggested that the 
inhibition of enolase observed at high concentrations of Zn*+ occurs by 
combination of the metal with L-2-PGA. Insufficient p-2-PGA was at 
hand to test further this hypothesis with mutase. 


TaBLeE III 
Equilibrium Constant at 30° 
pH at 30° Residual p-2-PGA found | Calculated 3-PGA formed Keq, eae 

pmoles moles 
4.60 3.7 22.0 6.0 
5.01 3.4 22.3 6.6 
5.15 3.6 22.1 6.2 
5.43 3.7 22.0 6.0 
5.70 3.9 22.2 6.3 
6.10 3.3 22.4 6.8 
6.65 3.8 21.9 5.8 


pL-2-PGA, 51.4 wmoles, and potassium acetate buffer at various pH values, 100 
umoles, were mixed in a volume of 1.0 ml., and the pH was determined with a glass 
electrode at 30°. 2 ul. of yeast mutase solution containing 4000 enzyme units were 
added, and the samples were incubated at 30° for 1 hour. 


Equilibrium Constant at 30°—The equilibrium of the mutase reaction is 
temperature-dependent (1). The preliminary value of 3.65 (17) has been 
reported for the non-enzymatic, acid-catalyzed reactions. For the en- 
zyme-catalyzed reaction the equilibrium constant Keg = 3-PGA/2-PGA 
at 30° has been reported to be 6 (18). The equilibrium of the yeast mutase 
reaction was investigated over the range pH 4.6 to 6.5 (Table III). 

The equilibrium was essentially independent of pH over the range stud- 
ied and had the average value of 6.3 + 0.3. 

Effect of Temperature—The activation energies were calculated from the 
temperature coefficients (19) of reaction rates from the data shown in 
Fig. 7. 

The two enzymes showed the same activation energy of 10,500 calories 
for the conversion of p-2-PGA to 3-PGA. 

Effect of Substrate Concentration—Attempts to determine the K,, for 
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Fic. 7. Effect of temperature. The incubation volume was1.0ml. The additions 
were as follows: pL-2-PGA, 1.0 or 4.8 uwmoles; 2,3-PGA, 0.156 umole; sodium acetate, 
pH 5.9, 100 umoles; and either 0.112 7 of yeast or 0.4 y of muscle mutase. @, yeast 


mutase; ©, muscle mutase. The results are expressed as log micromoles of p-2-PGA 
turned over per minute per mg. of protein versus 1/7 in degrees Kelvin X 10*. 


TABLE IV 
Effect of pt-2-PGA Concentration upon Yeast Mutase Activity 
DL-2-PGA EXt p-2-PGA turned over Activity 
pmoles per ml. y X min. per mil. pmoles umoles per min. per mg. 

40.4 4.50 4.60 1020 
20.2 2.25 3.68 1640 
12.1 1.35 2.80 2080 

6.06 0.675 1.27 1880 

2.16 0.113 0.178 1590 

0.416 0.056 0.084 1500 

0. 202* 0.028 0.048 1710 


The volume was 1.0 ml. The additions were pL-2-PGA, as indicated, 2,3-PGA, 
0.156 umole; and potassium acetate, pH 5.9, 100 umoles. The enzyme-time product 
was calculated by multiplying the enzyme concentration in micrograms per ml. by 
the incubation time in minutes. Activity was calculated by dividing the micro- 
moles of p-2-PGA turned over by the enzyme-time product X 10-3. Similar effects 
were observed by using mutase obtained from muscle. 

*Lower limit of method. 


substrate were unsuccessful, owing to the lack of a sufficiently sensitive 
method for the microestimation of p-2-PGA. As shown in Table IV, even 
low concentrations of pL- or p-2-PGA were inhibitory. 
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It was concluded that the K,, for pL-2-PGA for both the yeast and mus- 
cle enzymes was below 10-4 mM. Preliminary experiments with a modified 
method indicated that the A,, for p-2-PGA was in the neighborhood of 
10~° m for both enzymes. 

Since inhibition was observed with both pL- and p-2-PGA, L-2-PGA could 
not have been responsible for the inhibition. Since SrCl,. at concentra- 
tions of up to 200 wmoles per ml. showed only slight inhibitory action, it 
was considered more likely that the inhibition observed with 2-PGA was 
not merely a salt effect, but specific substrate inhibition. 

Analysis for Phosphorus and 2,3-PGA—50 mg. of yeast or muscle mu- 
tase, free of inorganic phosphate, were digested with H.SO.-HNOs; (20) 
and assayed for inorganic phosphorus. The yeast and muscle enzymes 
were found to contain 0.7 and 0.1 wmole of organic phosphorus, respec- 
tively. Taking 112,000 and 64,000 as the molecular weights of these en- 
zymes (7), this corresponded to 1.5 moles of organic P per mole of yeast 
enzyme and 0.3 mole of organic P per mole of muscle enzyme. 

In order to determine whether this bound phosphorus was in the form of 
the coenzyme, samples of yeast and muscle enzyme were dissolved in 
strong alkali and assayed for 2,3-PGA. On taking the limits of the assay 
procedure into account, no more than 8 X 107-* mole of 2,3-PGA could 
have been present per mole of yeast or muscle enzyme. It was therefore 
concluded that the organic phosphorus content was not due to bound co- 
enzyme. 

Attempts to Demonstrate Enzyme-Phosphate—Najjar and Pullman (21) 
have demonstrated that phosphoglucomutase crystallizes as an enzyme- 
phosphate complex. In preliminary experiments we were unable to dem- 
onstrate that the organic phosphorus of yeast phosphoglyceric acid mutase 
served a similar function. Incubation of crystalline yeast mutase in sub- 
strate quantities with pi-2-PGA or 3-PGA did not lead to any net syn- 
thesis of 2,3-PGA, as tested by catalysis of the phosphoglyceric acid mu- 
tase reaction. Incubation of 2,3-PGA with substrate quantities of yeast 
mutase led to the formation of inorganic phosphorus and p-2- or 3-PGA. 
The formation of the isomeric phosphoglycerates was demonstrated by 
their conversion to pyruvic acid in the presence of added enolase, pyruvic 
kinase, Mg++, and adenosine diphosphate, but not in the absence of any 
one of these. 

These observations were consistent with the formation of an enzyme- 
phosphate which decomposed spontaneously to enzyme and inorganic 
phosphate. However, as mentioned previously, Sutherland et al. (3) had 
reported that rabbit muscle mutase was contaminated with diphospho- 
glycerate phosphatase. In view of the apparent homogeneity of the crys- 
talline yeast mutase (7) it was of interest to determine whether its ability 
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to dephosphorylate 2,3-PGA was due to contamination with diphospho- 
glycerate phosphatase or to a dual function of the mutase by some mecha- 
nism similar to the following: 


2,3-PGA + enzyme ———  enzyme-P + 2(or 3-)-PGA 
| (decomposes) 
enzyme + inorganic P 


TABLE V 
Assay of Yeast Mutase Fraction for Diphosphoglycerate Phosphatase Activity 


Ratio, 
Fraction No. Phosphatase activity x 104 Mutase activity mutase activity 
phosphatase activity 


pmoles per min. per mg. | moles per min. per mg. 


Crude extract 22 9.1 4,100 
1 14 9.6 6,900 
2 14 13.3 8,300 
3 52 58.0 11,000 
4 170 302 17,800 
2nd crystals 42 440 105,000 


Mutase activity was assayed by the enolase coupled method (6), and activity was 
expressed in terms of micromoles of 3-PGA turned over. Diphosphoglycerate phos- 
phatase activity was assayed as follows: Incubation volume = 1.0 ml. The addi- 
tions were 2,3-PGA, 3.6 umoles; Tris, pH 7.0, 200 uwmoles; and aliquots of enzyme. 
Each fraction was assayed at three concentrations of protein. Net liberation of 
inorganic phosphorus was determined after incubation at 30°. For ease of com- 
parison, 1 enzyme unit of phosphatase has been defined as that amount of enzyme 
which liberated 1 ymole of inorganic phosphorus from 2,3-PGA in 1 minute. Mutase 
and phosphatase activities are expressed as micromoles of substrate turned over per 
minute per mg. at 30°. 


Fractions of a yeast purification procedure (6) were therefore examined 
for their diphosphoglycerate phosphatase activity (Table V). 

The ratio of mutase to phosphatase activity increased about 25-fold from 
the crude extract to the second crystals, indicating that diphosphoglycerate 
phosphatase and mutase are, indeed, separate enzymes and that the in- 
organic phosphorus formed on incubating 2,3-PGA with yeast mutase 
can be explained on this basis alone. 

Effect of Coenzyme Concentration—Sutherland et al. (3) found 6 X 10-* m 
2,3-PGA suboptimal and 2.4 & 10-5 m 2,3-PGA optimal at pH 7.4 for 
their partially purified muscle mutase. From Fig. 8, the apparent Mi- 
chaelis constants for the coenzyme, Kecenzyme, Were calculated. 
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The coenzyme concentrations giving half maximal velocity under our 
experimental conditions were 1.13 and 1.25 X 10-4 m for the yeast and 
muscle enzymes, respectively. These figures are at least 10-fold higher 
than the values implied by Sutherland et al. (3). 

Owing to the technical difficulties of measuring mutase activity at op- 
timal substrate concentrations, the above K,, values for 2,3-PGA may 
eventually have to be revised. 

Under all conditions of assay, yeast and muscle mutase exhibited an 
absolute requirement for 2,3-PGA. Measurable rates of turnover of 
highly purified 3-PGA did occur at extremely high concentrations of en- 


24¢ 6 8 10 l2 14 16 


Fic. 8. Effect of coenzyme concentration. The incubation volume was 0.5 ml. 
The additions were as follows: pL-2-PGA, 7.52 wmoles; 2,3-PGA, from 0.0312 to 0.156 
umole; sodium acetate, pH 5.9, 200 umoles; and 0.044 y of yeast or muscle mutase. 
@, yeast mutase; O, muscle mutase. S expressed as micromoles of 2,3-PGA per 
ml., V as micromoles of p-2-PGA turned over per minute per ml. 


zyme, but, owing to limitations in the sensitivity of the method for the 
estimation of 2,3-PGA, contaminations of the order of 1 mole of 2,3-PGA 
in 104 moles of 3-PGA would have escaped detection. Contaminations of 
this order were calculated to have been sufficient to account for the ob- 
served activity. 

Total Quantity of Mutase in Yeast and in Rabbit Skeletal Muscle—From 
the analyses of aqueous acetone powder and yeast extracts it was esti- 
mated that a minimum of 0.15 per cent of the dry protein of rabbit skeletal 
muscle and 0.5 per cent of the dry protein of bakers’ yeast is phosphogly- 
ceric acid mutase. 


DISCUSSION 


The purification procedure for muscle mutase is similar to that reported | 
previously for yeast mutase and results in preparations purified 20-fold | 
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over the initial acetone powder extract, with 20 per cent recovery of the 
initial activity. Fraction 5, although not crystalline, possessed 80 per 
cent of the specific activity of recrystallized yeast mutase and was homo- 
geneous in the ultracentrifuge (7). 

In all the kinetic studies reported, yeast and muscle mutase behaved in 
essentially the same way. As will be shown in the succeeding paper (7), 
the same was not true when the molecular properties were studied. The 
activity per gm. was about the same for both enzymes, but the activity 
per mole of the yeast mutase was about 1.7 that of the muscle mutase. 

Neither mutase required a divalent cation for activity; on the contrary, 
inhibition was observed with low concentrations of Zn++, and even with 
Mgt* at much higher concentrations. Similar observations with phos- 
phoribomutase have been reported (20). 

Since enolase, which requires a divalent metal for activity, shares a 
common substrate with mutase, it is suggested that the binding of p-2- 
PGA to mutase and enolase occurs by a different mechanism. 

The apparent A,, for p-2-PGA appears to be below the coenzyme con- 
centration, giving half maximal velocity, suggesting that the substrate is 
bound more firmly than the coenzyme. Some indication of substrate de- 
pendence of the apparent Michaelis constant for the coenzyme was ob- 
served. 

Attempts to demonstrate the participation of an enzyme-phosphate 
intermediate in the mutase reaction were unsuccessful, and the authors at 
present favor the mechanism of the mutase reaction first proposed by 
Sutherland, Posternak, and Cori (2, 3). 


SUMMARY 


A procedure for the preparation of purified phosphoglyceric acid mutase 
from rabbit muscle is presented. Some of the enzymatic properties of the 
crystalline yeast and purified muscle enzymes have been studied. 

From the enzymological point of view, yeast and muscle mutase are 
scarcely distinguishable one from another on the basis of the properties 
which we have studied. Under the standard conditions of assay, the yeast 
enzyme is approximately twice as active per mole as the muscle enzyme, 
while on a gm. basis the activity is about equal. 

Neither the yeast nor the muscle mutase appears to contain bD-2 ,3-phos- 
phoglyceric acid bound to the purified enzyme, although they both contain 
small amounts of organic phosphorus. 

Attempts to demonstrate the participation of an enzyme-phosphate 
intermediate in the mutase reaction were unsuccessful. 


We wish to thank Dr. D. P. Wallach for a gift of lyophilized enolase and 
Dr. C. E. Ballou for a gift of p-2-PGA. 
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THE MOLECULAR PROPERTIES OF YEAST AND MUSCLE 
PHOSPHOGLYCERIC ACID MUTASE* 


By H. EDELHOCH,t VICTOR W. RODWELL,} ann SANTIAGO GRISOLIA§ 


(From the Department of Pathology and Oncology and the McIlvain Laboratories, 
Department of Medicine, University of Kansas Medical Center, 
Kansas City, Kansas) 


(Received for publication, March 27, 1957) 


There have been few correlated studies of the enzymological and molec- 
ular properties of enzymes which catalyze the same chemical reaction and 
have been obtained from unrelated sources. Particularly noteworthy 
has been Velick’s recent review of the comparative biochemistry of the 
alcohol and glyceraldehyde phosphate dehydrogenases from yeast and 
mammalian sources (1). The companion paper (2) presents the enzymo- 
logical characterization of crystalline yeast phosphoglyceric acid mutase 
(PGA mutase)! and of a purified preparation of the same enzyme isolated 
from rabbit skeletal muscle. This paper presents some of the molecular 
parameters of these two enzymes. 


Materials and Methods 


The materials and methods of assay have been described (2, 3). 

Sedimentation velocity experiments were performed in the model E, 
Spinco ultracentrifuge. The sedimentation coefficients were obtained by 
standard procedures (4). At lower enzyme concentrations the synthetic 
boundary cell was employed (5). All experiments were performed at room 
temperature, and the results were corrected for solvent viscosity and den- 
sity to that of water at 20.0° (s20,.).. The intrinsic sedimentation constants 
(Soo ,w) have been increased by 2.4 per cent to correct for the fall in rotor 
temperature during acceleration (6). 

The diffusion measurements were performed in the model H, Spinco 
electrophoresis-diffusion instrument. The method of free diffusion from 


* Supported in part by an institutional grant from the American Cancer Society, 
and by grant Nos. RG4690 and H-1925, National Institutes of Health, and No. 67, 
the Helen Hay Whitney Foundation. 

+ Present address, National Institute of Arthritis and Metabolic Diseases, Be- 
thesda, Maryland. 

t Present address, Department of Biochemistry, University of California, Berke- 
ley, California. 

§ Established Investigator of the American Heart Association. 

1 The following abbreviations are used in this paper: PGA or 3-PGA, p-3-phospho- 
glyceric acid; 2,3-PGA, pb-2,3-phosphoglyceric acid; Tris, tris(hydroxymethy]l)- 
aminomethane; coenzyme, 2,3-PGA. 
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an initially sharp boundary between solvent and solution was employed. 
The Rayleigh interference fringe method was used to follow the diffusion 
process. The experimental procedure and computations were performed 
according to Longsworth’s methods (7). 

A brief summary of the theory and measurement of diffusion coefficients 
is needed to provide a basis for the interpretation of experimental results. 
The solution of Fick’s second law of diffusion is given by 


where Z, the “‘reduced cell height,” is related to the measured cell height, 
H, the diffusion coefficient, D’, and the time, t, by D’ = (H/Z)?/4t. Z 
was determined from the probability integral relation, f(Z), by the use of 


= Ale dg 
/ 


tables of this function (8). 7 is the number of each Rayleigh interference 
fringe and a measure of the concentration in the boundary; J is the total 
number of fringes and is related to the initial concentration of protein, 
Co, by J = 2a(dn/dc)Co/A, where dn/dc is the refractive index increment,’ 
a is the cell thickness, \ the wave length of light (5461A), and the factor 
2 is used since the light passes through the cell twice. 

Five or more photographs were taken during a 2 day period. A series 
of reference fringes was photographed before a boundary was formed in 
the cell for future use in aligning the experimental patterns. Interference 
fringes were enlarged ~40X, and the intersection of each fringe minimum 
with the minimum of a well defined vertical fringe was plotted on graph 
paper. Each intersection provides a fringe number 7 and distance H. 
In practice we have obtained values of AH /AZ for pairs of fringes by eval- 
uating the ratio (H ;—H,)/(Z;—Z,) by taking 7 = 1 andk = J/2,7 = 2 
and k = J/2 + 1, ete., or every second pair (j = 1, 3, 5, etc.) if J was 
greater than 10. 

With the present method, film distances could be determined to within 
10 to 15 uw. Since the separation of vertical fringes was about 260 y, the 
fractional fringe could be evaluated to ~0.05 of a fringe. 

Values of D’ were obtained from the average of at least ten pairs of 
fringes. D’ was then plotted against 1/t and extrapolated to infinite time 
to obtain D. D was corrected for temperature by the Stokes-Einstein re- 


2 Since dn/dc is fairly constant from one protein to another, we have assumed a 
value of 0.188 (ml. per gm.) to permit calculation of protein concentration (Co) from 
the total number of fringes in the diffusion runs. 
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lation Doo = Dy.4(m.4T 20/n207'1.4) and also for solvent viscosity Do. = 
D2o(n20/n20,w) to the standard state of water at 20° (for a discussion of the 
validity of these correction factors, see Gosting (9)). 

Earlier runs with sucrose and bovine serum albumin led to values of 
D,4 = 2.42 * 10-* for 0.50 m sucrose and Do, = 5.74 X 10-7 for 0.27 
per cent bovine serum albumin in 0.10 I'/2 phosphate buffer, pH 6.50. 
These values are in agreement with those reported in the literature (10, 11). 

All diffusion and electrophoretic experiments were performed at 1.4° 
after equilibration against buffer at 5° for at least 24 hours. 

Electrophoretic analyses were performed with the same instrument as 
the diffusion measurements. Rayleigh interference fringes were obtained 
simultaneously with schlieren patterns and were used to calculate the con- 
centration of boundaries. Six or more photographs were taken during an 
experiment. With the yeast enzyme, when mobilities were small, experi- 
ments were continued for about 6 hours in order to resolve all the bounda- 
ries. 

Electrophoretic refractive index gradient boundaries moved with con- 
stant velocity, and enantiography was always observed between ascending 
and descending boundaries. The mobilities of components in the two 
limbs of the cell agreed closely in all experiments except the one in which 
coenzyme (2,3-diphosphoglyceric acid) had been added to the solution 
directly before electrophoresis. In this experiment, the ascending mobili- 
ties of all components were 0.80 unit greater than the descending values.’ 
Under ‘‘ Discussion,” however, we have reported only descending mobility 
data in order to maintain uniformity of presentation. Not enough coen- 
zyme was available to add to both solution and buffer at the level studied. 

The experiment with yeast mutase in 0.015 m imidazole-0.075 m NaCl 
buffer at pH 7.0 (Fig. 4) was run for 167 minutes in one direction. The 
electric field was then reversed. The series of five peaks produced after 
167 minutes reformed into a single, symmetrical boundary after electro- 
phoresis under the reversed field for an equal time. The reformed bound- 
ary had its peak at the starting position, although it was more diffuse, as 
is to be expected. 

Mobilities were calculated by standard procedures (12) and are expressed 
in units of 10-° sec.—! volt. 


3 This effect probably arose from the fact that the coenzyme migrated faster than 
the enzyme and soon left the enzyme in the descending boundary without unbound 
coenzyme. Part of the bound coenzyme then dissociated to reestablish the equilib- 
rium between enzyme and coenzyme, resulting in a smaller amount of bound coen- 
zyme in the descending enzyme boundary than was present initially. If this were 
the case, the ascending mobility should provide a better representation of binding 
effects. 
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Results 


Sedimentation Coefficients; Yeast PGA Mutase—The crystalline yeast 
PGA mutase showed a single, sharp, symmetrical boundary in the velocity 
ultracentrifuge. There was no indication of any loss in symmetry in the 
refractive index gradient during 90 minutes of centrifugation at 60,000 
r.p.m. (3). The sedimentation coefficient showed a small negative de- 
pendence on concentration (Fig. 1). 

The open circles in Fig. 1 represent the sedimentation coefficients of a 
crystalline preparation of PGA mutase that had been alternately dissolved 
in water and reprecipitated with 3 volumes of saturated (NH4)2SO, solu- 


YEAST 


MUSCLE 
op) 
| | 
0 0.2 04 06 0.8 10 


CONCENTRATION (gr./100 mi.) 


Fic. 1. Concentration dependence of sedimentation of crystalline yeast and puri- 
fied muscle PGA mutase. The observed coefficients have been corrected for solvent 
viscosity and density to that of water at 20°. O, pH = 7.00, 0.050 m (NH4,).SO,- 
0.050 M phosphate; @ , pH = 6.30, yeast enzyme, 0.025 Mm (N H,) 2SO4-0.025 mM phosphate; 
muscle enzyme, 0.050 m (NH4)2SOxj. 


tion, pH 7.0, several times over a period of several weeks, as samples of 
the stock were needed for other purposes. This material had only 25 per 
cent of its initial activity left, although its sedimentation characteristics 
were indistinguishable from those of the fully active material. The solid 
circles were obtained from a fresh preparation of crystalline enzyme which 
had a specific activity of 2500. 

The pH stability of the yeast enzyme was determined at pH 7.90 and 
9.00. A solution of enzyme (6.0 mg. per ml.) in 0.10 mM NaCl was titrated 
with 0.10 Mm NaOH from pH 6.5 to 7.90, sampled, and then titrated to 9.00. 
0.02 m of Tris buffer, of the corresponding pH, was then added to each 
solution. The centrifugation experiments were performed the same day. 
The sedimentation coefficient and specific activity of the enzyme showed 
no change from their value at pH 6.5. 
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Muscle PGA Mutase—Extensively fractionated muscle PGA mutase (2) 
of specific activity 2150 sedimented as a single, symmetrical boundary 
during ultracentrifugation. Its concentration dependence (Fig. 1) was 
similar to that of the yeast enzyme. The open circles in Fig. 1 are the 
sedimentation coefficients of the main component of less highly purified 
samples of muscle enzyme of specific activity 1200. Adjustment of muscle 
mutase solutions to pH 7.90 or 9.00 (0.10 m NaCl, 0.02 m Tris) showed no 
change in sedimentation properties, though a loss of 40 per cent in specific 
activity was encountered at pH 7.90 and did not change significantly at 
pH 9.00. 

Diffusion Coefficients; Yeast PGA Mutase—Two diffusion runs were per- 
formed on different preparations of crystalline yeast PGA mutase. The 
experimental conditions and results are summarized in Table I, and the 


TABLE I 
Diffusion Coefficients of PGA Mutase from Yeast and Rabbit Muscle 


Buffer pH | axivity | X10 
gm. per 
100 ml. 
Yeast 0.05 mM (NH,4)2SO, + 0.05m | 5.75 | 0.221 2350 5.29 + 0.02 
KH2PO, 
: 0.10 '/2 phosphate 7.00 | 0.251 2300 5.39 + 0.02 
Muscle 0.10 r/2 7.50 | 0.135 2150 6.6 


data of one experiment are shown in Fig. 2. The average deviations ob- 
tained from nine values of AH/AZ are included in Fig. 2. The diffusion 
coefficient of the yeast enzyme at pH 7.00 was 2 per cent greater than that 
found at pH 5.75. 

The concentration dependence of diffusion can be expressed by the equa- 
tion (13) 


(1 + (2BM/RT)c) 
1+ kc 


De = D 


where D,, 1s the diffusion constant at zero concentration, B is the second 
virial coefficient, and k, is a constant related to the dependence of sedi- 
mentation on concentration by s, = s0/(1 + k.c). The value of k, is quite 
small and positive as seen in Fig. 1. The B term (2BM/RT) is of the same 
sign and magnitude, since the charge on the protein is small and the ionic 
strength of the solution is large (14). The smaller value of the diffusion 
constant at pH 5.75 is probably due to the smaller value of B, resulting 
from the smaller protein charge and higher ionic strength of this solution. 
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The value of the diffusion constant at this latter pH should be close to 
D., owing to the partial cancellation of concentration-dependent terms 
in the above equation and the rather low protein concentration of the dif- 
fusion experiments (11). 

Muscle PGA Mutase—The muscle enzyme sample used in the diffusion 
experiment at pH 7.50 (Table I) showed only a single boundary in the 
ultracentrifuge and a principal component that comprised 85 per cent of 
the total material present by electrophoresis. Definite trends in AH/AZ 
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Fic. 2. Variation in apparent diffusion constant (D’) of crystalline yeast PGA 
mutase as a function of time. pH = 5.75; 0.050 m (NH4)2SO,-0.050 m phosphate. 
enzyme concentration = 0.22 gm. per100 ml. The length of the vertical lines through 
the points indicates the average deviations, determined from nine values of AH/AZ 
through the diffusion boundary. 


were observed, especially at the ends of the curve, when plotted against 
the mean relative concentration (7.e. 7 + k/2/J). The data indicate a 
definite lack of molecular homogeneity which confirms the electrophoretic 
evidence. The value of 6.6 for the diffusion coefficient will have to be 
considered provisional until more highly purified enzyme becomes avail- 
able, though this figure should not be greatly different from the true value. 

Electrophoresis; Yeast PGA Mutase—In all electrophoretic experiments 
with crystalline preparations of yeast PGA mutase, which have included 
five buffer systems at three pH values, pH 6.0, 7.0, and 7.9, the starting 
boundary fragmented into five distinguishable components (cf. Fig. 3). 
The total mobility difference between the slowest and fastest peak was 
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Fic. 3. Descending electrophoretic patterns. Upper section, crystalline veast 
PGA mutase in phosphate buffer, pH = 7.00; ['/2 = 0.10. I:nzyme concentration = 
0.17 gm. per 100 ml. Picture taken after 11,000 seconds at a voltage gradient of 5.80 
volts perem. Lower section, purified PGA muscle mutase in phosphate buffer, pH = 
6.5; 1/2 = 0.10. Enzyme concentration = 0.18 gm. per 100 ml. Picture taken after 
9000 seconds at a voltage gradient of 5.32 volts per em. 85 percent of the total num- 
ber of fringes belonged to the major component. 


O YEAST 
50 MUSCLE 
= 
60 70 8.0 
pH 


hig. 4. electrophoretic mobilities in em.? volt~! for erystalline veast and 
purified muscle PGA mutase. Buffer systems for veast enzyme, pH 6.00, 0.010 m 
histidine-0.075 Mm NaCl; pH 7.00, 0.015 M imidazole-0.075 Mm NaCl; pH 7.92, 0.020 m 
Tris-0.075 M NaCl. Phosphate buffers at 0.10 7/2 were used in all experiments with 
muscle enzyme. Enzyme concentrations varied between 0.16 and 0.22 gm. per 100 
ml. in all the experiments. 


1.70 + 0.10 units in all runs, and the individual peaks were separated 
rather uniformly by 0.43 unit from each other. Representative mobility 
data as a function of pH are illustrated in Fig. 4. 
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The relative heights of the schlieren peaks in the electrophoretic pat- 
terns varied somewhat in different crystalline preparations. The second 
slowest moving boundary usually had the highest peak, although samples 
with the first or third peaks higher than the rest have also been observed. 
In all preparations the three slowest moving peaks contained about 80 
per cent of the total area. With a given sample the distribution of com- 
ponents did not vary with pH or type of buffer. 

In two experiments performed at pH 7.00 on the same sample, one in 
0.10 P'/2 phosphate and the other in 0.033 mM cacodylic acid-0.060 m NaCl, 
the distribution of refractive index gradient peaks was identical to that 
observed in imidazole at pH 7.00, except that all the component mobilities 
were increased by 1.60 units in phosphate and decreased by 0.30 unit 
in cacodylie acid. 

The experiment in 0.010 m_ histidine-0.075 m NaCl at pH 6.00 recorded 
in Fig. 4 was repeated with a small volume (~0.3 ml.) of the coenzyme, 
2,.3-PGA, which was added to the dialyzed enzyme solution (~14 ml.) 
immediately before electrophoresis. The molar ratio of coenzyme to en- 
zyme was 4.5. There were no alterations in the composition of the elec- 
trophoretic pattern, whereas the negative mobilities of all components were 
increased by 1.35 units, respectively .4 

Muscle PGA Mutase--In marked contrast to the observations with the 
veast enzyme, the muscle PGA mutase electrophoretic patterns showed 
only a single symmetrical boundary, which migrated without any sign of 
distortion, and some ill defined contamination, which moved with consider- 
ably greater speed than the principal component (cf. Fig. 3). The relative 
concentration of the main peak was approximately proportional to the 
specific activity of the sample, which varied in several preparations from 
1600 to 2150.) On this basis the main component should possess a specific 
activity of about 2400. 

The mobilities of the muscle mutase in 0.10 ['/2 phosphate buffer be- 
tween pH 6.0 and 7.0 appear in Fig. 4. The isoelectric point occurs at 
about pH 5.3, if the data are extrapolated linearly to zero mobility. The 
variation of mobility with pH of the muscle enzyme in the pH range in- 
vestigated was about 4 times as large as that for the yeast enzyme. Since 
the two enzymes have about the same isoelectric points and the ionic 
strengths of the electrophoretic analyses were comparable, the greater 
slope of the curve for the muscle enzyme is probably indicative of a sig- 
nificantly greater content of histidine in the muscle mutase (15). This 
presumes that no unusual binding effects of buffer salts occurred. 

*When the enzyme solution was dialyzed for 20 hours against Tris buffer at pH 
5.0 containing 0.30 10° 3 mM 3-phosphoglyceric acid (free of coenzyme), both the 
ascending and descending boundaries showed an enhanced mobility (for all com- 
ponents) of ~I1.S8 units. 
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Prostatic Phosphatase—83 mg. of yeast PGA mutase were mixed with 
0.25 mg. of prostatic phosphatase, containing 8000 Schmidt units per mg. 
(16). The mixture was brought to 8 ml. and pH 5.6 and incubated for 6 
hours at 38°. No loss in mutase activity or liberation of inorganic phos- 
phate could be detected during incubation. In harmony with these results 
the electrophoretic pattern remained unchanged. 


DISCUSSION 


The erystalline yeast PGA mutase behaved as a homogeneous protein 
in so far as characterization by sedimentation procedures will permit such 
a description. The diffusion data are compatible with the sedimentation 
analysis of protein homogeneity. Without a detailed analysis of fringe 
deviations (17) it is not possible to estimate the lower limits of impurities 
present in the dialyzed solutions, though the rather small average devia- 
tions observed in D’ would tend to exclude the presence of appreciable 
amounts of high molecular weight impurities of significantly different size 
and shape from that of the yeast PGA mutase. 

The inconclusiveness of a single or even multiple criteria in defining 
molecular homogeneity is cogently demonstrated by the appearance of 
five distinguishable components by electrophoretic analyses of this enzyme. 
If all the enzyme activity resided in the major component, the maximal 
enzyme content of any preparation thus far examined would be less than 
40 per cent. 

It is significant that the mobilities of the various ionic species differ from 
each other by multiples of 0.43 unit and that the relative concentration of 
each component was constant in a series of buffers. It seems reasonable to 
assume, therefore, that the heterogeneity in charge distribution represents 
a series of closely related, yet discrete, ionic forms of the enzyme. An 
explanation of the electrophoretic patterns which would resolve the prob- 
lem of the non-integral values of enzyme-bound phosphate reported in the 
preceding paper and be consistent with all our other data on this enzyme 
is that the phosphate is non-uniformly distributed on the enzyme. 

If the slowest moving component is lacking in phosphate and the other 
four components contain 1 to 4 phosphates per molecule, then the phos- 
phate content of the samples we have analyzed electrophoretically would 
vary between 1.4 and 1.7 moles of phosphate per mole of enzyme. This 
range of values is in agreement with the phosphate found by chemical anal- 
ysis (3). In comparison with these data the muscle PGA mutase, con- 


5 A recent preparation of yeast PGA mutase contained about twice as much phos- 
phate as normally observed, though the electrophoretic pattern was the same as 
that of earlier preparations. The reason for the larger amount of phosphate is un- 
certain at present. 
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sisting of about 85 per cent of one component by electrophoresis, contained 
only 0.3 mole of phosphate per mole of enzyme. 

Perlmann (18) has shown by similar procedures that crystalline ovalbu- 
min consists of 85 per cent of a diphosphorylated species, 14 per cent of a 
monophosphorylated species, and a trace of phosphate-free protein. More- 
over, she has succeeded in dephosphorylating the 2-P species to the 1-P 
and then to the phosphate-free protein with phosphatase enzymes. 

The mobility data may be analyzed further to disclose the nature of the 
phosphate linkage to the protein. Perlmann (19) has found that the single 
ionization of phosphate results in a mobility change of 0.30, 0.25, and 0.40 
unit in the phosphoproteins ovalbumin, a-casein, and pepsin, respectively. 
Using mobility and titration data, Longsworth and Jacobsen (20) have 
established that a linear relationship occurs between mobility and charge 
in B-lactoglobulin and bovine serum albumin in the vicinity of their isoelec- 
tric points. The ratio of mobility to charge (u:Q) was 0.32 and 0.20 unit, 
respectively. The average u:Q value for the four proteins of molecular 
weights between 30,000 and 40,000 is 0.32. 

As a first approximation the ratio of u:Q of a macromolecule, at constant 
ionic strength and molecular shape, will be proportional to its (effective) 
radius (21). Since the molecular weight of the yeast PGA mutase is about 
3 times that of the proteins mentioned above, the u:Q ratio needs to be 
reduced by a factor of ~0.7, which leads to a value of ~0.22. The varia- 
tions in u were quite close to twice this value. If the observed decrements 
in mobility are a measure of increasing phosphate content, then each phos- 
phate is doubly ionized and esterified as a monoester. Since the decre- 
ments between peaks do not vary from pH 6.0 to 7.9, it would appear that 
the secondary ionization of phosphate is below pH 6.0.6 Electrophoresis 
in acetate buffer at pH 5.2 resulted in extensive loss in enzyme activity 
and disruption of the previous pattern of moving boundaries. The de- 
ionization of secondary phosphate could therefore not be shown by this 
procedure; neither could the presence of organic phosphate in the yeast 
enzyme be demonstrated with the use of the prostatic phosphatase enzyme. 

If the phosphate of the enzyme were involved in the isomerization of 
PGA, one might expect phosphorylation of the slower moving enzymic 
species by the coenzyme to occur (24, 25). When 4.5 moles of 2,3-PGA 
were added per mole of enzyme, neither the distribution nor the mobility 
differences of components were altered to any significant extent. Instead, 
an increase in negative mobility of 1.35 units occurred in all components. 
The result suggests that the coenzyme is uniformly adsorbed to the enzyme 
without apparently affecting the distribution, or content, of (organically) 


6 The pK of the phosphate group in arginine and creatine phosphate is 4.5 (quoted 
in Table II of Oesper (22)), while that in serine phosphate is 5.65 (23). 
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bound phosphate. An estimate of the extent of binding may be made if 
we assume again that u4:Q = 0.22 unit. Since only the carboxyl and the 
primary phosphates of 2,3-PGA are ionized at pH 6.0 (22), the total mo- 
bility change corresponds to about 6 charges. On this basis it appears 
that about 2 (or 3 if ascending mobility data are used) coenzyme molecules 
are adsorbed to the enzyme. In an analogous manner we can estimate, 
from the enhanced mobilities of all components in 0.10 I'/2 phosphate 
buffer at pH 7.0, that approximately 5 phosphate ions are uniformly bound 
to all components, since the secondary phosphate is about half ionized at 
this pH. 

In addition to the difference in electrophoretic behavior of the two mu- 


TaBLeE II 
Properties of PGA Mutase from Yeast and Rabbit Muscle 
Yeast | Muscle* 

6.30 X 1073 | 4.47 X 10713 
12x 108 | 108 
| 1.27 1.22 


* All values for the muscle PGA mutase enzyme, except the s20,~ and isoelectric 
point, are provisional, having been obtained with a preparation which showed ~85 
per cent of a principal component by electrophoresis (cf. Fig. 3). 

+ The value of M is based on an assumed value of 0.74 for the partial specific vol- 
ume. 


tases, the other physical parameters which have been examined, S20 .. and 
Doo, bear no relationship to each other. Table I] summarizes some of 
the physical constants of the two PGA mutases. The molecular weights 
have been computed from the Svedberg equation (4), assuming a value of 
0.74 for the partial specific volumes. The frictional ratios (f:fo) have 
been calculated from D and s (4) and denote the deviation of the molecular 
shape from that of an anhydrous sphere. If we assume that the two en- 
zymes contain 0.2 gm. of water per gm. of protein, the axial ratios (if their 
shapes may be considered as prolate ellipsoids) are about 4.0 and 3.5 for 
the yeast and muscle enzymes, respectively (4). 

The possibility of molecular association being responsible for the higher 
intrinsic sedimentation constant of the yeast enzyme may be excluded on 
two grounds. First, the concentration dependence of sedimentation was 
negative and of reasonable magnitude for the frictional ratio listed in Ta- 
ble II. Secondly, the diffusion curve of the yeast enzyme was closely 
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Gaussian, since the AH/AZ values were constant and showed no trend with 
concentration from the solvent to the solution side of the diffusion bound- 
ary. 

Differences in chemical composition may also be inferred. The extinc- 
tion coefficients of the two enzymes at 280 my are appreciably different 
(cf. Table II), indicating that their contents of aromatic amino acids vary. 
The greater slope of the mobility-pH curve of the muscle enzyme suggests 
that it possesses a greater histidine content (15). Any phosphate binding 
by the muscle enzyme would probably not affect the slope but would de- 
crease the isoelectric point. 

Velick (1) in his critical examination of the properties of the alcohol and 
glyceraldehyde phosphate dehydrogenases concludes that the two alcohol 
enzymes are dissimilar in structure and function though not devoid of some 
resemblance in activity, while the two triose phosphate enzymes are struc- 
turally similar though exhibiting some differences in behavior. The yeast 
PGA mutases apparently do not fall into either classification. The kinetic 
aspects of PGA enzyme activity, as reported in the accompanying paper, 
suggest considerable correspondence in behavior between the two mutases. 
On the other hand, there appears to be, at present, little physical (or chem- 
ical) similarity between the two enzymes. 

The specific activity, on a weight basis, of the two enzymes is quite close. 
This would give the yeast enzyme about 1.7 times the activity of the muscle 
enzyme when calculated on a molar basis. In spite of the presence of ap- 
preciable amounts of phosphate in the yeast enzyme there does not appear 
to be any specific function for it. The evidence for this statement may be 
summarized as follows: phosphate is not liberated by treatment with acid- 
precipitating agents as is the enzyme phosphate of phosphoglucomutase 
(25); the yeast enzyme does not react with 3-PGA to form coenzyme (3) 
nor is its ionic composition affected by coenzyme (or substrate); the spe- 
cific activity of the two mutases is not related to their phosphate con- 
tent (3); and finally the specific activity of the yeast mutase does not ap- 
pear to depend on the electrophoretic distribution of components, though 
the variations observed in the latter thus far have not been large. 

The role of enzyme-bound phosphate in PGA mutase activity, if any, 
and the nature of its linkage to the protein still await elucidation. Work 
along these lines is in progress. 


SUMMARY 


Some of the molecular and kinetic properties of crystalline yeast and 
purified muscle phosphoglyceric acid mutase have been evaluated. Sedi- 
mentation, diffusion, and electrophoretic analyses indicate that the en- 
zymes isolated from yeast and rabbit muscle are markedly different. The 
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molecular weight of the yeast enzyme is close to 112,000 while that of the 
muscle enzyme is about 64,000. Electrophoretic studies suggest the ex- 
istence of several phosphorylated species of yeast phosphoglyceric acid 
mutase; the muscle enzyme contained very little bound phosphate and did 
not show the type of pattern observed with the yeast enzyme. These 
observations are discussed in relation to the kinetic properties of the two 
enzymes. 


The prostatic acid phosphatase used in this study was generously pro- 
vided by Dr. Gerhard Schmidt. 
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CARBOHYDRATE METABOLISM OF THE LIVER OF THE 
HYPOPHYSECTOMIZED RAT* 


By R. HILL, J. W. BAUMAN, anp I. L. CHAIKOFF 


(From the Department of Physiology of the University of California School of 
Medicine, Berkeley, California) 


(Received for publication, April 16, 1957) 


The livers of hypophysectomized rats fed a diet adequate in all respects, 
and containing whole ground wheat as its main carbohydrate source, show 
an impaired ability to convert acetate carbon to fatty acids (1). This 
defect in lipogenesis can be readily overcome by feeding these rats, for a 
few days, a synthetic diet containing either 60 per cent glucose or 60 per 
cent starch. The importance, in this connection, of large amounts of 
available carbohydrate was further emphasized by the observation that 
feeding hypophysectomized rats a diet containing only 25 per cent glucose 
failed to restore to normal the capacity of their livers to convert acetate 
carbon to fatty acids. These observations on the carbohydrate content 
of the diet necessitate calling attention to the need for a careful evaluation 
of the nutritional state of the hypophysectomized rat. Such an evalua- 
tion must be made before concluding that a metabolic defect observed in 
this animal which was operated upon is the result of the absence, per se, 
of anterior pituitary hormones. 

From the above considerations, we concluded that the hypophysecto- 
mized rat is characterized by an increased sensitivity to glucose require- 
ments for maintenance of hepatic lipogenesis. Apparently some change 
in the carbohydrate metabolism of the liver occurs after the rat is com- 
pletely deprived of anterior pituitary hormones, and in the present investi- 
gation we have attempted to analyze the nature of this altered carbohy- 
drate metabolism. 


EXPERIMENTAL 


Treatment of Animals—Rats of the Long-Evans strain were hypophy- 
sectomized via the parapharyngeal route. The bases of the brains of the 
rats operated upon were examined at necropsy, and data only from those 
rats in which hypophysectomy was complete are recorded in this study. 
The composition of the synthetic diets is shown in Table I. The stock 
diet contained 67.5 per cent ground whole wheat, 15 per cent casein, 7.5 
per cent powdered skim milk, 0.75 per cent NaCl, 1.5 per cent calcium 


* This work was supported by a contract from the United States Atomic Energy 
Commission and by a grant from Eli Lilly and Company. 
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carbonate, 6.75 per cent lard, 1 per cent fish oil (vitamins A and D), and 
a few drops of a KI solution. 

In the experiment in which food intake was controlled by gavage each 
rat received, by stomach tube, every 4 hours for 3 days before it was killed, 
3 ec. of an aqueous suspension containing 1.5 gm. of the 60 per cent glu- 
cose diet. 

Preparation of Tissues and Incubation Procedure—Blood was withdrawn 
from the heart just before the animals were sacrificed by cervical fracture. 
The livers were rapidly excised and placed in cold Krebs-Henseleit-bicar- 
bonate buffer. Slices of approximately 0.5 mm. were prepared with the 


TABLE I 
Composition of Synthetic Diets 


Constituent Diet A Diet B Diet C 
per cent per cent per cent 
Vitamin B mixture*.................. 0.2 0.2 0.2 
eas 6.0 6.0 6.0 


* Contained the following components (mg. per kilo of diet): choline chloride, 
1000; niacinamide, 50; inositol, 1000; calcium pantothenate, 50; thiamine hydro- 
chloride, 10; riboflavin, 10; pyridoxine, 10; p-aminobenzoic acid, 10; biotin, 0.2; folic 
acid, 2.0. 

+ Hawk-Oser salt mixture (2). 

t Vitamins A and D in fish oil were given every 3rd day when the experimental 
diets were continued for more than 3 days. 


mechanical tissue slicer described by McIlwain and Buddle (3) and manu- 
factured by the H. Mickle Company, Hampton, England. 500 + 5 mg. 
portions were placed in the main compartment of a 50 ml. incubation 
flask (4) containing 5.0 ml. of the bicarbonate buffer (5) (pH 7.3 to 7.4) 
to which either 2 um acetate-1-C™, 2 um pyruvate-2-C™, 110 um glucose 
evenly labeled in all carbons with C™ (glucose-E-C"), or 110 um fructose- 
E-C"™ had been added. The acetate was added as the sodium salt; so- 
dium pyruvate was prepared by Cal-Rad, Inc., Burbank, California, and 


was added to the incubation medium without modification. Glucose and } 
fructose were prepared photosynthetically and purified chromatographi- | 
cally according to the method of Putman and Hassid (6). We are indebted © 
to S. Abraham for the preparation of the acetate-1-C' and the hexoses | 


evenly labeled with C". 
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The flasks were flushed with a mixture of 95 per cent Oz and 5 per cent 
CO2, capped with a self-sealing rubber stopper, and incubated, with shak- 
ing, at 37.5° for 3 hours. 

Analytical Procedures—The methods for isolating and assaying the radio- 
activity of CO, and fatty acids, as well as the procedures followed for 
determination of blood glucose and liver glycogen, have been described 
elsewhere (1). 


Results 


Experiment with Diet Containing Whole Ground Wheat As 
Principal Carbohydrate Source 


Table II shows the conversion of the C' of glucose-E-C™ and acetate- 
1-C'4 to COz and fatty acids by liver slices prepared from normal and hy- 
pophysectomized rats fed the diet containing whole ground wheat as the 
main carbohydrate source. Our earlier observation (1, 7), that lipogenesis 
from acetate is depressed in the liver of the rat operated upon, is confirmed. 
Table II shows, in addition, that livers of the hypophysectomized rats 
did not form measurable amounts of fatty acids from added glucose. In- 
terestingly enough, ablation of the pituitary, while not depressing the 
oxidation of acetate to CO, did reduce considerably the CO, recoveries 
from the added labeled glucose. ; 


Experiment with Diet Containing 25 Per Cent Glucose 


The results of this experiment are recorded in Table III. Under these 
dietary conditions, the livers of hypophysectomized rats also failed to 
form fatty acids from glucose, and the COs recoveries were less than those 
observed with the control livers. In these respects, the fate of the added 
glucose resembled that observed with hypophysectomized rats fed the 
diet in which whole ground wheat was the principal carbohydrate source. 


Experiment with Diet Containing 60 Per Cent Glucose Fed ad Libitum to Rats 


It was noted earlier that the livers of hypophysectomized rats fed this 
diet convert acetate carbon to fatty acids and CO, at normal rates (1), 
and this finding is confirmed by the data recorded in the last two columns 
of Table IV. This diet also restored to normal the capacity of the liver 
of the hypophysectomized rat to oxidize the C™ of glucose-E-C"™ to COs, 
but it did not restore to normal the liver’s capacity to convert glucose carbon 
to fatty acids. 

Similar results were obtained when the rats were fed a diet containing 
60 per cent cornstarch as the sole source of carbohydrate (Table V). 

Rats Forcibly Fed—Since hypophysectomized rats ingest less food than 
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TaBLe II 
Glucose-E-C'4 and Acetate-1-C'4 Utilization in Liver of Hypophysectomized Rats Fed 
Diet Containing Ground Whole Wheat As Main Carbohydrate Source 
Kach flask contained 500 + 5 mg. of tissue. Duplicate flasks were incubated for li 
3 hours at 37.5°, and their contents were analyzed separately. The average values 
are reported. 
Rat | Per cent added Per cent added 
pe ; glucose recovered as acetate recovered as a 
Condition Liver glycogen 
No | d . 
en | weight CO2 Fatty acids CO2 Fatty acids - 
gm. 
1 130 | Normal 4.8 2.7 0.3 24 10.7 
1400 4.3 2.9 0.2 26 7.6 - 
3 > ri 7.2 2.0 0.1 31 6.7 
4 5.3 14 0.1 26 7.0 
135_| Hypophysee- | 1.0 0.0 40 0.6 
| tomized* 
| 4.1 0.7 0.0 33 1.0 
T 5.8 0.8 0.0 36 2.0 
T 1.4 0.4 0.0 31 1.0 
* Hypophysectomized 13 days before being sacrificed. 
+ Hypophysectomized 32 days before being sacrificed. 
TABLE III 
Utilization of Glucose-E-C"' by Livers from Normal and Hypophysectomized 
Rats Fed 25 Per Cent Glucose Diet 
Kach flask contained 500 + 5 mg. of tissue and 110 umoles of glucose-li-C" in 5.0 
ml. of bicarbonate buffer. Duplicate flasks were incubated for 3 hours at 37.5°. 
The average values are reported. 
Rat Per cent incorporation of 
Condition Blood glucose Liver glycogen 
No | Bod : 
weight Fatty acids 
| gm. | mg. per cent 
9 45 | Normal 85 3 0.2 2.9 
10 173 3 9] 3.2 0.1 2.2 
1] 129 83 0.2 2.9 
12 | 140 Hypophy- 94 2.5 0 1.6 
| secto- 
mized* de 
13 sO) 3.1 ( 1.5 of 
14 | (86 2.9 0 1.7 he 
| | h 
* Hypophysectomized 14 days before being sacrificed. ; 


xu 


R. HILL, J. W. BAUMAN, AND I. L. CHAIKOFF 909 


TaBLE IV 
Incorporation of C'* of Glucose-E-C'4 and Acetate-1-C'4 into CO: and Fatty Acids by 
Livers of Hypophysectomized Rats Fed 60 Per Cent Glucose Diet 
Each flask contained 500 + 5 mg. of tissue. Duplicate flasks were incubated for 
3 hours at 37.5°, and their contents were analyzed separately. The average values 
are reported. 


Rat Per cent added C recovered from 
Body Condition Glucose-E-C'4 as Acetate-1-C'4 as 
weight 
Fatty acids COz Fatty acids 
gm. mg. per cent Bvt 
15 140 Normal 95 4.5 4.5 2.3 
16 145 ” 104 3.9 5.2 1.8 
17 134 sae 78 5.1 1.5 
18 130 ee 85 5.0 3.1 1.8 
19 120 90 4.0 2.4 
20 150 110 4.7 3.4 } 
21 148 - 80 4.1 4.1 1.8 40.1 17.0 
22 160 | 86 5.2 5.0 1.8 37.6 16.9 
23 130 | Hypophy- | 85 3.8 4.3 0.3 
secto- | 
mized* | 
24 1350 “5 76 4.6 2.4 0.2 
25 1300 ” 100 5.1 3.1 0.8 
26 125 | wis | SS 4.0 3.8 0.3 
27 140 186 | 93 3.9 3.1 0.5 
28 145 5.0 4.3 0.4 
29 142 - 89 4.2 4.1 0.4 
30 130 % 96 5.0 3.4 0.6 
31 127 ” 102 4.7 3.9 0.9 
32 120 3.9 3.3 0.5 
33 | 140 | . | 80 3.9 | 4.3 0.4 38.7 | 18.1 
145 4.3 2.7 0.3 39.3 20.8 
35 | 139 | 90 a6 132 0.3 11.2 | 20.8 


— 


* These rats were sacrificed 13 to 70 days after hypophysectomy. 


do normal rats, we considered the possibility that the failure in conversion 
of glucose to fatty acids observed in the preceding experiment might have 
been due to diminished food intake. For this reason, we fed both the 
hypophysectomized rats and their controls not operated upon, by stomach 
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tube, every 4 hours for 3 days, 3 cc. of an aqueous suspension containing 
1.5 gm. of the 60 per cent glucose diet. The rats were sacrificed exactly 


TABLE V 
Utilization of Glucose-E-C"4 by Liver Slices from Normal and 
Hypophysectomized Rats Fed 60 Per Cent Cornstarch Diet 
Kach flask contained 500 + 5 mg. of tissue and 110 wmoles of glucose-E-C" ip 
5.0 ml. of bicarbonate buffer. Duplicate flasks were incubated for 3 hours at 37.5°. 
The average values are reported. 


Rat | | Per cent incorporation of 


Condition | Blood glucose Liver 
No. Body weight | | Fatty acids CO: 
| | 
| gm. | mg. per cent fond 
} 
36 175 | Normal 1.37 3.2 
39 140 | Hypophysecto- 1 
mized* | 
| 92 4.0 | 0.37 4.1 


* Hypophysectomized 14 days before being sacrificed. 


TaBLeE VI 

Utilization of Glucose-E-C' by Livers from Normal and Hypophysectomized Rats Fed 
60 Per Cent Glucose Diet by Stomach Tube 

ach flask contained 500 + 5 mg. of tissue and 110 umoles of glucose-E-C' in 5.0 

ml. of bicarbonate buffer. Duplicate flasks were incubated for 3 hours 37.5°. The 

average values are reported. 


| 
_ Per cent inco ration of 


Rat 
Condition Blood glucose ‘Liver glycogen 
No. | Body weight | | | Fatty acids | CO:2 
gm. | | mg. per cent | p —— | 
43 | 129 | Normal | 94 | 6.5 | 0.62 | 5.8 
44 142 4.3 0.46 6.4 
45 | 137 _Hypophysecto- 77 5.5 | 7.9 
46 | 124 103 72. |} 
47 150 sy 5.6 0.066 5.3 


* Hypophysectomized 18 days before being sacrificed. 


4 hours after the last intubation of food. The results are shown in Table | 
VI. It is again evident that the C™O, recoveries observed with livers of © 
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hypophysectomized rats are in the same range as those observed in the 
experiments with the control rats. But the increased food intake did not 
repair the defective lipogenesis from glucose in the liver of the hypophy- 
sectomized rat. 


TaBLeE VII 
Incorporation of C'4 of Glucose-E-C"™, Fructose-E-C'*, Pyruvate-2-C™, and Acetate-1-C"* 
into CO. and Fatty Acids by Livers of Normal and Hypophysectomized Rats Fed 
ad Libitum 60 Per Cent Glucose Diet 
Each flask contained 500 + 5 mg. of tissue. Duplicate flasks were incubated for 3 
hours at. 37.5°, and their contents were analyzed separately. The average values 
are reported. 


Rat | | Per cent added C"4 recovered from 
Condition Glucose-E-C™ as Fructose-E-C™ as Pyruvate-2-Cias Acetate-1-C™ as 
se weight | | Fatty | | Fatty | «7. | Fatty | Fatty 
CO2 ' acids CO2 | acids | ©02 | acids CO2 acids 
| gm. | 
48 | 125 | Normal | 32 | 1.2 | 7.38) 2.1 | 
9 | “ | 4.7 | 1.2 | 11.2) 2.1 | 
50 | 150 4.9) 1.6 83 2.5 | 8.7 2.6 | 34.0 | 22.9 
51 | 160 4.9} 1.5 | 7.2; 2.0 | 1.9 | 36.1 | 18.9 
52 | 170 4.4/1.5) 8.7) 2.2 | 13.0! 2.5 | 48.5 | 21.6 
| 
| 4.4 | 1.4] 8.5) 2.2 | 10.2] 2.3 | 39.8 | 21.1 
| 
53 | 120 | Hypophysee- | 3.0/0.3) 6.7/0.7 | 23.6 | 20.9 
tomized* | | | | | 
54 | 130 | | 5.1 | 0.4 | 6.9! 0.9 | 25.4 | 30.0 
55 | 120 28.1 | 19.7 
56 0.6! 7.3/ 0.6 | 10.6) 1.3 | 42.5 | 17.8 
87 | 115 | 4.8; 1.0 | 7.1! 1.0 | 10.9] 2.9 | 43.8 | 24.3 
58 118 4.71 0.5 | 5.9/ 0.5 | 9.8! 2.4 | 40.2 | 24.4 
59105 | 3.6 | 0.6 | 7.0] 1.0 | 13.1} 2.8 (43.4 17.8 
4.3 0.6 | 7.4 0.8 2.3 35.3 | 22.1 


* Hypophysectomized 33 days before being sacrificed. 


Experiment Designed to Localize Site of Defective Glucose Utilization 


In this experiment the rats were fed the 60 per cent glucose diet ad libi- 
tum for 3 days before they were sacrificed, and separate portions of each 
liver were incubated with glucose-E-C"™, fructose-E-C", pyruvate-2-C", 
and acetate-1-C™ (Table VII). The recoveries of C“O. and C"-fatty 
acids from acetate-1-C'* and pyruvate-2-C™ experiments with livers of 
the hypophysectomized rats corresponded well with the recoveries of these 


4 ip 

n of 

ed 
5.0 

he 

of 

le 

of 


912 CARBOHYDRATE METABOLISM OF LIVER 


C™ products when acetate-1-C™ and pyruvate-2-C" were incubated with 
livers of normal rats. However, a striking difference was observed in the 
ability of the livers ot hypophysectomized and normal rats to utilize glu- 
cose-E-C'* and fructose-E-C'%. The livers of hypophysectomized and 
normal rats oxidized about the same amount of these C'*-labeled hexoses 
to COs, but a severe depression in ability to incorporate C" of both labeled 
hexoses into fatty acids was observed in the experiments with the rats 
operated upon. 


DISCUSSION 


In earlier studies we compared the metabolism of glucose-E-C", fructose- 
K-C", and acetate-1-C™ by the livers of normal fasted and normal fed 


TaBLeE VIII 
Comparison of Metabolic Patterns of Liver of Normal Fasted Rats and Liver of 
Hypophysectomized Rats Fed Various Diets 
For each substrate the value observed with the liver of the normal rat fed the 60 
per cent glucose diet has been arbitrarily assigned a value of 100, and all values given 
below are related to this arbitrarily chosen value. 


Hypophysectomized rats fed 
Substrate and its fate N a a 48 

Glucose to CO,............. 50 (8)* 40 55 100 

fatty acids....... 0 (8) 0 0 50 
Fructose to COz,........... 100 (9) 100T 100T 100 

fatty acids. .... 10 (9) Ot Of 50 
Acetate ‘‘ CQOs.......... 100 (10) 100 (7) 100 (1) 100 (1) 

” ‘* fatty acids.... 10 (10)t 10 (7) 15 (1) 100 (1) 


* The numbers in parentheses refer to the bibliographic references; when no 
reference is given, the data are taken from the present report. 

t R. Hill and J. W. Bauman, unpublished observations. 

t Fasted for 36 hours. 


rats, and the results of these earlier experiments are summarized in Table 
VIII. The data in Table VIII bring out clearly that the liver of the hy- 
pophysectomized rat fed ad libitum either the whole ground wheat. diet 
or the 25 per cent glucose diet resembles closely, in the utilization of these 
labeled compounds, the liver of the normal rat fasted for 48 hours. It 
was this resemblance that first led us to infer that the metabolic pattern 
exhibited by the liver of hypophysectomized rats so fed is the result of 
carbohydrate inanition. Indeed, this view seemed to be supported by 


the finding that the feeding of a diet containing 60 per cent glucose re-_ 
stores to the liver of the hypophysectomized rat its capacity to oxidize | 
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glucose carbon to CO: at normal rates and also its ability to convert acetate 
carbon to fatty acids at normal rates. But the feeding of this very high 
glucose diet did not restore to normal the ability of the liver of the hy- 
pophysectomized rat to convert glucose or fructose carbon to fatty acids. 
Since the hypophysectomized rat ingests, daily, less food than does the 
normal rat, we also studied the metabolic pattern of the livers of hypophy- 
sectomized rats whose intake of the 60 per cent glucose diet was increased 
to the level of their normal controls by force feeding. Even under these 
conditions, the liver of the hypophysectomized rat suffers from an inability 
to incorporate glucose or fructose carbon into fatty acids. It may there- 
fore be concluded that this defective conversion of carbohydrate to fatty 
acids by the liver of the hypophysectomized rat is independent of dietary 
factors, and that this conversion does require the concurrence of one or more 
of the anterior pituitary hormones. As judged by the results obtained with 
the labeled acetate, pyruvate, glucose, and fructose, it would appear that 
the anterior pituitary hormone or hormones exercise some control in the 
conversion of carbohydrate to fat above the level of pyruvate. 


SUMMARY 


1. The conversion of the C' of glucose evenly labeled with C™ to CO2 
and fatty acids by the livers of normal and hypophysectomized rats fed 
various diets was studied. The liver of the hypophysectomized rat fed a 
diet in which whole ground wheat was the principal carbohydrate source 
manifested an inability to convert glucose carbon to CO: and fatty acids 
at normal rates. Defective conversion to CO, and fatty acids was also 
observed in the livers of hypophysectomized rats fed a synthetic diet con- 
taining 25 per cent glucose. When the glucose content of the diet was 
increased to 60 per cent, the conversion of glucose carbon to CO: was nor- 
mal, but that to fatty acids still remained below normal. 

2. The livers of hypophysectomized rats fed the 60 per cent glucose 
diet also failed to incorporate the C™ of fructose evenly labeled with C™ 
into fatty acids even though the CQ, recoveries were normal. 

3. An earlier finding, that the liver of the hypophysectomized rat fed 
the 60 per cent glucose diet converts the C'* of acetate-1-C"™ to both CO, 
and fatty acids at normal rates, is confirmed. Similar results were obtained 
with pyruvate-2-C"™, 

4. Our findings with glucose and fructose indicate that the conversion 
of hexose carbons to fatty acids by the liver requires the concurrence of 
one or more of the anterior pituitary hormones. ‘The findings of normal 
lipogenesis and CO, formation from acetate-1-C'* and pyruvate-2-C'4 
suggest that the control by these hormones is exercised above the level of 
pyruvate. 
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THE ENZYMATIC DEPHOSPHORYLATION OF 
PHOSPHATIDIC ACIDS* 


By SYLVIA WAGNER SMITH, SAMUEL B. WEISS,f 
AND EUGENE P. KENNEDY 


(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 
(Received for publication, March 18, 1957) 


Enzyme systems from rat and guinea pig liver which carry out a rapid 
synthesis of phosphatidic acid have been described by Kornberg and 
Pricer (1), Kennedy (2), and others. However, phosphatidic acids have 
not yet been demonstrated to be naturally occurring components of fresh 
mammalian tissues. No phosphatidic acids were found by Marinetti and 
Stotz (3) in rat heart or liver or by Dawson (4) in guinea pig brain. The 
phosphatidic acids isolated in considerable quantity from plant material 
by Chibnall and Channon (5) probably were the products of the action of 
hydrolytic enzymes during the isolation procedures (6). 

The failure to find phosphatidic acids in fresh tissues has led some work- 
ers (3) to question the physiological significance of the reactions leading 
to the enzymatic synthesis of phosphatidic acids. However, an explana- 
tion for the failure of these compounds to accumulate in tissues might be 
that they are not end products but active intermediates in the _bio- 
synthesis of lipides. The discovery that p-1,2-diglycerides may act as 
precursors both for lecithin (7) and triglycerides (8) suggested that the 
function of phosphatidic acids might be to act as precursors of p-1,2- 
diglycerides. It is the purpose of the present paper to describe an enzyme 
present in various tissues of the rat and in chicken liver which catalyzes 
the reaction 


L-a-Phosphatidie acid — p-1,2-diglyceride + Pif 


The name phosphatidic acid phosphatase is proposed for this enzyme. 
A preliminary account of some of these experiments has been published 


(9). 
Materials and Methods 


Egg lecithin was prepared by the method of Hanahan, Turner, and 
Jayko (10). Phosphatidic acid was prepared from this lecithin by treat- 


* This work was supported by grants from the Nutrition Foundation, Ine., and 
the Life Insurance Medical Research Fund. 
t Postdoctoral Fellow of the American Heart Association. Present address, The 
Rockefeller Institute for Medical Research, New York. 
t P; = inorganic orthophosphate; Tris = 
915 
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ment with carrot chromoplasts in the presence of ether by the procedure 
of Kates (11). The sodium salt of the phosphatidic acid was purified by 
repeated precipitation from ether solution by the addition of acetone and 
dried under a vacuum. The ester content of the product so obtained was 
determined by the method of Rapport and Alonzo (12), and an ester to P 
ratio of 1.92 was found. Olley (13) has shown that free phosphatidic 
acids are very unstable in aqueous ethanol; they decompose with the 
splitting of fatty acid ester linkages and the formation of glycerophosphate. 
Accordingly, the sodium salt of the phosphatidic acid was suspended in 
water and carefully adjusted to pH 7.0 (glass electrode) by the addition of 
alkali, The aqueous suspension showed no decline in ester value after stor- 
age for 2 weeks at — 15°. 

Cytidine diphosphate choline was prepared by the method of Kennedy 
(14). pL-a-Glycerophosphate was the gift of Dr. Jean Sicé. Other phos- 
phate esters were commercial products. 

P; was determined on trichloroacetic acid or perchloric acid filtrates 
by the method of either Gomori (15) or Koshland and Clarke (16). The 
method of Borgstrém was used to separate mono-, di-, and triglycerides 


(17). 
EXPERIMENTAL 


Preparation of Chicken Liver Enzyme—All operations were carried out 
at 0-5°. Commercially available fresh frozen chicken liver (Swanson 
brand) was homogenized in 4 volumes of 0.25 M sucrose containing 0.001 
mM Versene in a glass homogenizer of the Potter-Elvehjem type. The 
homogenate was centrifuged at 20,000 X g in the high speed head of an 
International refrigerated centrifuge for 30 minutes, and the precipitate 
was discarded. To the supernatant solution was added 0.1 volume of 1 
M acetate buffer of pH 5.0. The precipitate was removed by centrifuga- 
tion, suspended in 0.02 m Tris buffer of pH 8.0 containing 0.001 m Versene, 
and dialyzed overnight against a medium of the same composition. After 
dialysis, the suspension was centrifuged for 45 minutes at 20,000 xX 4g, 
and the supernatant solution was discarded. The precipitate was taken 
up in Tris-Versene in a final concentration of about 5 mg. of protein per 
ml. 

Substrate Specificity—The chicken liver enzyme prepared as described 
above catalyzed a rapid and rather specific dephosphorylation of phos- 
phatidic acid (Table I). Lecithin is not attacked under the conditions 
of the assay, and the dephosphorylation of a-glycerophosphate takes place 
at a rate only one-tenth that of phosphatidic acid. This result eliminates 
the possibility that the phosphatidic acid is first hydrolyzed to a-glycero- 
phosphate. None of the other substrates tested was attacked at a rate 
as high as that of phosphatidic acid under the conditions chosen. 


W 

1. 

p 

p 
Le 

P 
DL 
Gl 
in ¢ 
tul 
10 
sup 
bla 
that 
I 
nesi 
acid 

res 
pho 
bari 

pH 


S. W. SMITH, S. B. WEISS, AND E. P. KENNEDY : 917 


Effect of Varying Phosphatidic Acid Concentration—An experiment in 
which varying amounts of phosphatidic acid were added is shown in Fig. 
1. The enzyme appeared to be saturated at about 3 X 107? M, but inter- 
pretation of these results is difficult, since it is not known whether the 
phosphatidic acid is in true solution or, more probably, emulsified. 


TABLE [ 
Specificity of Phosphatidic Acid Phosphatase from Chicken Liver 
Substrate Pi formed 

umole 
0.06 
0.10 
Glucose 0.05 


Each tube contained 60 umoles of maleate buffer of pH 6.33 and 0.1 ml. of enzyme 
in a final volume of 1.0ml. 2.0 umoles of each substrate were added as shown. The 
tubes were incubated for 30 minutes at 37° and stopped by the addition of 5 ml. of 
10 per cent trichloroacetic acid, and P; determinations were made on aliquots of the 
supernatant solution after centrifugation. The figures shown are corrected for small 
blank values obtained in control tubes which were incubated without substrate. 
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| 

Fic. 1. The experimental conditions were the same as those in Table I, except 
that the amounts of phosphatidic acid added were varied as shown. 


Inhibition by Divalent Cations—The addition of small amounts of mag- 
nesium ions profoundly inhibits the dephosphorylation of phosphatidic 
acid in Tris buffer of pH 7.4 (Table II). The inhibition is probably the 
result of the formation of an extremely insoluble magnesium salt of the 
phosphatidic acid. Similar effects are shown by calcium, manganese, and 
barium ions. The inhibition by magnesium ions is considerably less at 
pH 6.3 in maleate buffer than at pH 7.4 in Tris buffer, in keeping with 
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the suggestion that the inhibition is caused by the formation of an insol- 
uble salt. The more alkaline pH would be expected to favor salt forma- 
tion. 

Phosphatidic Acid As Source of p-1 ,2-Diglycerides for Lecithin Synthe- 
sts—Db-1,2-Diglycerides react with cytidine diphosphate choline in the 
presence of magnesium ion and an emulsifying agent such as Tween 20 
to form lecithin (7). Phosphatidic acid cannot be substituted for 1,2- 
diglyceride. Preparations of microsomes from rat liver, obtained by high 
speed centrifugation of 0.25 mM sucrose homogenates, catalyze both the 
synthesis of lecithin and the dephosphorylation of phosphatidic acid. 
However, the former reaction takes place only in the presence of mag- 
nesium ions and the latter in the absence of magnesium ions. Therefore, 
if phosphatidic acid, cytidine diphosphate choline, and magnesium ions 


TABLE II 
Inhibition by Magnesium Ions 
Additions Pj formed 

pmole 


Each tube contained 1 ymole of phosphatidic acid, 25 wymoles of Tris buffer of pH 
7.4, and 0.1 ml. of enzyme in a final volume of 0.50 ml. The tubes were incubated 
for 30 minutes at 37°. 


are incubated together, no increase in lecithin synthesis over the control 
value (without phosphatidic acid) is noted. However, if the phosphatidic 
acid is preincubated with the enzyme for various periods of time in the 
absence of magnesium, and then cytidine diphosphate choline, magnesium, 
and Tween 20 are added, an increase in lecithin synthesis is noted, propor- 
tional to the release of P; m the preincubation period (Fig. 2). These 
results show that the product of dephosphorylation of phosphatidic acid 
may act as a precursor of lecithin. 

Chromatographic Isolation of Diglyceride—To obtain further evidence as 
to the product of the dephosphorylation of phosphatidic acid by the chicken 
liver enzyme, the experiment shown in Table I was repeated on a large 
scale with a final volume of 10.0 ml. At the end of 30 minutes, a 1.0 ml. 
aliquot was taken for the determination of P;, and it was found that a 
total of 4.97 umoles had been liberated. To the remaining 9.0 ml. of 
reaction mixture, 10 ml. of 2 m KCI were added, and the suspension was 
extracted three times with 20 ml. portions of ether. The ether extracts 
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were combined and taken to dryness under a jet of nitrogen. The residue 
was dried in a vacuum over calcium chloride and taken up in 5 ml. of dry 
benzene for chromatography on silicic acid. The method of Borgstrém 
(17) was used for the separation of mono-, di-, and triglyceride, except 
that the chloroform content of the eluting solvent was increased with a 
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Fig. 2. 4.0 umoles of phosphatidic acid were preincubated at 37° with 50 wmoles of 
Tris buffer of pH 7.4 and 2 mg. of microsomes from rat liver in a final volume of 1.0 
ml. for the time intervals shown. One set of tubes was then analyzed for the release 
of P;. The liberation of P; (X) is plotted against the left-hand scale. To the other 
set, 5 mg. of Tween 20, 20 umoles of MgClz, and 1 wmole of cytidine diphosphate 
choline labeled with choline-1,2-C'4 were added, and the incubation was continued 
for another 2 hours. The synthesis of lecithin, measured by the incorporation of 
radioactive choline (7),-is plotted against the right-hand seale (O). 


gradient elution device. <A total of 8.08 umoles of ester (4.04 umoles of 
diglyceride) was recovered in a sharp band (Fig. 3) in the region expected 
for diglycerides (Fractions 13 and 14). The total amount of diglyceride in 
the original mixture was therefore 4.04 X 10/9 = 4.5 wmoles or 90 per 
cent of theory. Only traces of diglyceride were found in a control experi- 
ment in which boiled enzyme was used. 

Distribution of Enzyme—The ability of various tissues of the rat to de- 
phosphorylate phosphatidic acids was tested in the experiment shown in 
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Table III. Kidney, liver, and brain were the most active, while heart 
and skeletal muscle were less active. It appears that the enzyme is rather 
widely distributed in mammalian tissues. 


) 


TOTAL ESTER (MICROMOLES 


> 46680 le 4 6 6 20 
FRACTION 


Fic. 3. The chromatographic isolation of diglyceride. The conditions of the 
experiment are described in the text. 


TaBLeE III 
Distribution of Phosphatidic Acid Phosphatase in Tissues of Rat 
Tissue Pi formed 

umole 


10 per cent homogenates of each tissue in 0.02 m Tris buffer of pH 8.0, containing 
0.001 m Versene, were dialyzed overnight against a medium of the same composition. 
0.2 ml. aliquots of each dialyzed homogenate were then tested under the conditions 
shown in Table I, except that incubation was for 1 hour at 37°. The figures shown 
are corrected for small blank values obtained in control tubes which were incubated 
without added substrate. 


Other Properties—Phosphatidic acid phosphatase from chicken liver 1s 
active over a wide pH range between 5.0 and 8.0, with some indication of 
an optimum at pH 6.0 to 6.5 when tested with maleate buffers. It is 
inhibited by Tween 20, concentrations of 3 mg. per ml. giving about 50 
per cent inhibition in Tris buffer at pH 7.4. Efforts to prepare the enzyme 
in soluble form were unsuccessful. 
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DISCUSSION 


The following sequence of reactions has now been demonstrated in cell- 
free enzyme preparations from liver: 


Glycerol — tL-a-glycerophosphate — phosphatidic acid. 


p-1,2-diglyceride 


lecit hin triglyceride 


Although it is, of course, possible that alternative metabolic pathways 
may function in vivo, on the basis of present evidence 1,2-diglycerides 
must be regarded as extremely important intermediates in lipide metabo- 
lism. It is noteworthy that the 1 ,2-diglycerides are also produced by the 
action of pancreatic lipase on triglycerides (18). Since p-1,2-diglyceride 
may be converted to either phospholipide or neutral fat, a close inter- 
connection between the metabolism of these two major classes of lipides 
is indicated. Further investigations in this field may lead to an explana- 
tion in enzymatic terms of the lipotropic action of choline and inositol. 

The results of the present investigation offer an explanation as to why 
phosphatidic acids do not accumulate in tissues. The steady state con- 
centration of these intermediates may be so low as to escape detection, 
particularly in view of their extreme lability under certain conditions, as 
shown by Olley (13). It may be necessary to devise special methods for 
the isolation of small amounts of phosphatidic acids from tissues containing 
large amounts of other lipides. The accumulation of phosphatidic acid 
in the experiments of Kornberg and Pricer (1) and Kennedy (2) may be 
explained in part at least by the inhibition of phosphatidic acid phospha- 
tase by added magnesium ions, present in the incubation mixtures described 
by these workers. 


SUMMARY 


An enzyme has been found in chicken liver and in various tissues of the 
rat which catalyzes the reaction 


Phosphatidic acid p-1,2-diglyceride + orthophosphate 


The chicken liver enzyme is specific for phosphatidic acid and is inhibited 
by magnesium ions. 

The function of phosphatidic acids as intermediates in the biosynthesis 
of lipides is discussed. 
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Nicotinic acid, furnished as the sole source of carbon and energy, can 
support the growth of many bacteria (1-5). The ability to use this com- 
pound as a substrate for aerobic growth appears to be particularly wide- 
spread in the Pseudomonas group. The fermentation of nicotinic acid by 
an unidentified Clostridium has also been reported; the fermentative end 
products are acetic and propionic acids, ammonia, and carbon dioxide (6). 
These observations establish the ability of bacteria to carry out a cleavage 
of the pyridine ring system of nicotinic acid. However, there is relatively 
little published information on the biochemistry of the process. The 
first intermediate in both the oxidative and fermentative dissimilations 
has been identified as 6-hydroxynicotiniec acid (7-9). The formation of 
this compound during the oxidation of nicotinic acid by Pseudomonas 
fluorescens was discovered by Hughes, who was also successful in preparing 
extracts which would catalyze the reaction (8). These extracts were, 
however, unable to attack 6-hydroxynicotinic acid, and hence the later 
steps in the reaction sequence could not be ascertained. 

Using another strain of P. fluorescens, we have succeeded in extending 
the work of Hughes on the oxidative pathway, and have established in 
main outline the nature of the reactions through which nicotinic acid is 
converted to aliphatic metabolites. Our observations are reported in 


this paper. 
EXPERIMENTAL 


Biological Material and Conditions of Cultivation—We have worked 
principally with one strain, P. fluorescens N-9, which was isolated locally 
from soil by aerobic enrichment in a medium containing nicotinic acid as 
the sole source of carbon and nitrogen. Stock cultures were maintained 
on slants of Difco nutrient agar, supplemented with 0.05 per cent nicotinic 
acid (neutralized with KOH) and 0.02 m phosphate buffer (pH 6.8). 
Cultures for experiments were grown on a medium of the following basal 


* This investigation was supported in part by cancer research funds of the Univer- 
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composition: NH,Cl 1.0 gm., MgSO, (anhydrous) 0.25 gm., concentrated 
mineral base! 1.0 ml., phosphate buffer (0.05 m, pH 6.8) 1 liter. This 
base was supplemented with a source of carbon and energy, added at a 
concentration of 0.2 to 0.4 per cent. Specifically induced cells were 
grown at the expense of nicotinic or 6-hydroxynicotinic acid, and uninduced 
cells at the expense of asparagine or succinic acid. The acids were neu- 
tralized before incorporation in the basal medium. In such synthetic 
media, growth yields are low. When large crops of cells were required for 
enzymatic work, the medium was often additionally supplemented with 
0.02 per cent Difco casein hydrolysate, which increases the growth yield 
without affecting the specific induced enzymatic pattern. 

Cultures of small volume were grown in Erlenmeyer flasks about one- 
third filled with medium, while being shaken at high speed. The large 
quantities of cells required for enzymatic work were grown in 20 liter 
carboys, each containing 10 to 12 liters of medium. The contents of the 
carboys were not sterilized, but the use of a 10 per cent inoculum, coupled 
with an extremely short growth period (7 hours), rendered contamination 
by other microorganisms negligible. Cultures in carboys were stirred and 
aerated by the passage of compressed air into the medium through spargers. 
The cells were harvested in the phase of logarithmic growth by the use of a 
Sharples supercentrifuge, washed once by resuspension in 0.02 M phosphate 
buffer (pH 6.8) and recentrifugation, and stored at —25° as a wet, packed 
paste until ready for extraction. The yield obtained from cultures in 
carboys was about 5 gm. (wet weight) per liter of medium. All cultures 
were grown at 30°. 

Preparation of Cell-Free Extracts—Frozen cells were thawed, mixed with 
2 to 3 times their weight of alumina (Norton), and ground by hand until 
cell breakage occurred. Crystalline deoxyribonuclease (5 y per gm. of 
cells) and 0.1 m MgCl, (0.2 ml. per gm. of cells) were added to the mixture, 
which was then extracted with phosphate buffer (0.02 m, pH 6.8), the 
volume of which was 2.5 to 3.0 ml. per gm. of cells. Alumina and residual 
unbroken cells were removed by centrifugation at 3000 X g to yield a 
cell-free extract. 

lor most of the experiments, these extracts were fractionated by cen- 
trifugation at 144,000 X g for 1 hour, a treatment which yields a clear, 
straw-colored supernatant liquid (soluble fraction) and a brick-red pellet 
(particulate fraction). The particulate fraction was then again suspended 


1 This solution contained, per ml., 5 mg. of Zn (as ZnCl.), 2 mg. of Ca (as CaCl), 
2 mg. of B (as H;BO;), 1.4 mg. of Mn (as MnCl:), 0.6 mg. of Mo (as NasMoQ,), 0.4 
mg. of Cu (as CuCl,), 0.4 mg. of Co (as Co(NQ3):2), 0.4 mg. of V (as NaVOz), 1 mg. 
of Fe (as FeSO,), 26 mg. of ethylenediaminetetraacetic acid, and 31 mg. of nitrilo- 
triacetic acid. The pH was adjusted to 6.5 with KOH. 
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in phosphate buffer and subjected to one additional sedimentation in 
order to free it from contaminating material derived from the soluble 
fraction. Extracts were stored at —25° if not immediately used. 
Chemicals—Nicotinic acid was purchased from the Eastman Kodak 
Company and Matheson, Coleman, and Bell, Inc., and 6-hydroxynicotinic 


200 


WAVELENGTH (my) 
Fic. 1. Absorption spectra of nicotinic acid, 6-hydroxynicotinie acid, and 2,5- 
dihydroxypyridine, measured in water at pH 6.8. Nicotinie acid, O; 6-hydroxy- 
nicotinic acid, @; 2,5-dihydroxypyridine, A. 


acid from 8. F. Light and Company. 2,5-Dihydroxypyridine was isolated 
from bacterial cultures grown at the expense of nicotinic acid and puri- 
fied as described below. Extinction curves for these three compounds are 
shown in Fig. 1. 

Nicotinic acid-carboxyl-C™ was obtained from the Oak Ridge National 
Laboratories. Maleamic acid was synthesized by the method of Anschiitz 
(10) and fumaramic acid by that of Griess (11). 

Deoxyribonuclease was purchased from the Nutritional Biochemicals 


‘ | | / \ 


926 BACTERIAL OXIDATION OF NICOTINIC ACID 


Corporation, and crystalline fumarase was generously furnished by Profes- 
sor J. B. Neilands. 

Analytical Methods—Pyruvic acid was identified by the method of 
Cavallini et al. (12), and measured quantitatively by that of Friedemann 
and Haugen (13). The method of column chromatography developed by 
Kinnory et al. (14) was used for quantitative analysis of mixtures of formic, 
acetic, lactic, succinic, and malic acids. Formic acid, which was not 
measured by these workers, is recovered in a sharp, narrow peak which 
leaves the column just after acetic acid. In a few experiments, formic acid 
was estimated manometrically by the formic hydrogenlyase reaction, a sus- 
pension of E’'scherichia coli grown anaerobically in glucose broth being used. 

Non-volatile acids were identified qualitatively by unidirectional paper 
chromatography by use of the solvent of Adelberg e¢ al. (15). For qualita- 
tive identification of volatile acids by paper chromatography, the solvent 
of Kennedy and Barker (16) was used. For the paper chromatography 
of 2,5-dihydroxypyridine, the following solvent mixture was employed: 
n-butanol 100 ml., concentrated HCl 20 ml., water 25 ml. 

The colorimetric method of Folin and Ciocalteu (17) was used for the 
quantitative determination of 2,5-dihydroxypyridine. A sample con- 
taining 0.05 to 0.3 umole of this compound was diluted to 6.0 ml. with 
water, after which 1.0 ml. of Folin-Ciocalteu reagent and 3.0 ml. of satu- 
rated NasCO; were added. The optical density at 760 my was measured 
in a cuvette with a light path of 1 cm. after the mixture had stood for 
20 minutes at room temperature. Under these conditions, 0.1 umole of 
2 ,5-dihydroxypyridine produces an optical density of 0.170. 

Protein was determined by the method of Weichselbaum (18) and 
ammonia by that of Braganca et al. (19). 

Spectrophotometric experiments were conducted with a Beckman model 
DU spectrophotometer, and manometric experiments at 30° by use of the 
Warburg apparatus. 


Results 


Formation of Pyruvic Acid from Nicotinic Acid by Whole Cells—When 
tested manometrically, cells of strain N-9 grown at the expense of nicotinic 
acid oxidize both nicotinic and 6-hydroxynicotinic acids without lag. 
Both oxidations are initiated only after a long lag by cells grown at the 
expense of asparagine or succinate. The total oxygen uptake at the expense 
of nicotinic acid is 7.6 to 8.0 atoms per mole of substrate supplied, and at 
the termination of oxygen uptake no acidic or ketonic products can be 
detected in the supernatant liquid. 

In the presence of appropriate concentrations of either sodium arsenite 
or 2,4-dinitrophenol, the oxidation of nicotinic acid is accompanied by a 


Ae 
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substantial accumulation of keto acid. This material was identified as 
pyruvic acid by the method of Cavallini et al. (12). A quantitative experi- 
ment on the accumulation of pyruvic acid during the oxidation of nicotinic 
acid by whole cells in the presence of 5 X 10-* m sodium arsenite is illus- 
trated in Fig. 2. During the initial period of rapid oxygen consumption 
there was a steady increase in the quantity of pyruvic acid, which reached 
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UPTAKE 


THEORETICAL YIELD 
OF PYRUVATE 


e-e OXYGEN 


PYRUVATE 


50 100 
MINUTES 

Fic. 2. The accumulation of pyruvate during the oxidation of nicotinic acid by 
arsenite-poisoned cells. The horizontal lines indicate the oxygen uptake required 
for the conversion of nicotinic acid to pyruvate, and the maximal possible yield of 
pyruvate (1 mole per mole of substrate). The reaction vessels contained cells 
(equivalent to 0.43 mg. of dry weight) suspended in 2.0 ml. of 0.02 m phosphate buffer 
(pH 6.8) with 5 X 10-3 mMsodium arsenite. Oxygen uptake was measured manometri- 
cally after addition of 2.0 umoles of nicotinic acid. In parallel vessels, the reaction 
was stopped at intervals by acidification with H.SO,, and the vessel contents were 
used to measure pyruvate. 


» MOLES PERw MOLE OF SUBSTRATE 


a maximal level corresponding to the formation of 0.65 mole per mole of 
nicotinic acid furnished. Since other experiments have shown that the 
carboxyl group of nicotinic acid is lost as carbon dioxide before ring cleav- 
age, the observed accumulation is 65 per cent of that which is theoretically 
possible. 

Formation of 2,5-Dihydroxypyridine from Nicotinic Acid by Whole 
Cells—Under certain conditions, a phenolic substance which gives a blue 
color upon treatment with the Folin-Ciocalteu reagent accumulates in 
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cultures of strain N-9 during growth at the expense of either nicotinic or 
6-hydroxynicotinic acid. A portion of the supernatant liquid from such a 
culture was chromatographed on paper. After development, a_ spot 
appeared which showed blue-white fluorescence upon ultraviolet illumina- 
tion. The same spot gave a blue color when treated with the Folin- 
Ciocalteu reagent, and a reddish pink color when treated with an acid 
solution of 2 per cent ferric chloride. The substance was tentatively 
assumed to be a dihydroxypyridine. Within this group, the above color 
reactions are specific for the 2,5 isomer (20). In order to confirm the 
identity of the presumed 2,5-dihydroxypyridine, isolation of a sufficient 
quantity to permit a chemical characterization was undertaken. 

It was first necessary to find conditions which would favor the accumula- 
tion of 2,5-dihydroxypyridine. A clue was furnished by the observation 
that an aqueous solution of the material isolated by paper chromatography 
turned green after it stood for some hours at room tempetature. Previous 
workers (1, 3) had reported that a -green, water-soluble pigment was 
sometimes produced by bacterial cultures growing at the expense of 
nicotinic acid, a phenomenon which we had also encountered. It occurs 
characteristically in cultures with relatively high concentrations (0.5 to 
2.0 per cent} of either acid, after growth 
has become dense and the medium has ome alkaline. It seemed 
probable that the green pigment was a decomposition product formed 
spontaneously from 2 ,5-dihydroxypyridine, and hence that its appearance 
in cultures furnished an index of the conditions which give rise to a sub- 
stantial accumulation of 2,5-dihydroxypyridine. Accordingly, it could 
be anticipated that the following factors might be important in leading to 
such an accumulation: high substrate concentration, limited oxygen 
supply, and mild alkalinity. Systematic experiments with suspensions of 
cells grown at the expense of nicotinic acid soon revealed that this com- 
bination of conditions did indeed cause the formation of substantial 
quantities of phenolic material from 6-hydroxynicotinic acid. The 
observation that the accumulation of phenolic material invariably preceded 
the appearance of the green pigment supported the assumption that the 
pigment was a decomposition product of the phenolic compound. If the 
pH of the cell suspension does not rise above 7.8, no marked pigment 
formation occurs, although there is a satisfactory production of phenolic 
material. 

In the light of these preliminary experiments, the accumulation of 
2 ,5-dihydroxypyridine in amounts sufficient for isolation was undertaken. 
A culture grown at the expense of nicotinic acid was harvested in the 
exponential phase and centrifuged. The cells were resuspended in 3 liters 
of 0.1 m phosphate buffer (pH 7.8) containing 15 gm. of 6-hydroxynicotinic 
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acid, previously neutralized with KOH. The final density of bacteria was 
about 1 mg. (dry weight) per ml. This mixture was distributed into three 
Fernbach flasks, each of 2.5 liter capacity, which were gently agitated at 
30°. Aliquots were withdrawn at intervals and assayed for phenolic 
material, which reached a maximal value corresponding to 0.9 umole of 
2,5-dihydroxypyridine per ml. after 5 hours. Based on the quantity of 
6-hydroxynicotinic acid supplied, this represents a yield of 2.5 per cent. 

The cells were then sedimented, and the supernatant liquid was acidified 
to pH 2.0 by the addition of 6N HCl. The precipitated 6-hydroxynicotinic 
acid (containing much occluded 2 ,5-dihydroxypyridine) was removed by 
filtration and set aside. The filtrate was passed through a column (23 X 
4.5 em.) of Dowex 50 (200 to 400 mesh, 8 per cent cross linkage) in the 
acid form. The column was washed successively with 2 liters of water 
and 1 liter of Nn HCl, after which the 2,5-dihydroxypyridine was eluted 
with concentrated HCl]. The eluate was distilled to dryness in vacuo at 
60° and the residue again dissolved in methanol. This solution was 
decolorized with Norit, adjusted to pH 6.0 with m sodium bicarbonate, 
and evaporated to dryness in vacuo. The residue was extracted twice in 
succession with boiling isopropanol, and the combined isopropanol extracts 
were decolorized with Norit and concentrated in vacuo until a faint pre- 
cipitate began to form. The solution was then placed at —20°. Crystal- 
lization of the 2,5-dihydroxypyridine occurred, and after 24 hours the 
crystals were collected and dried, yielding 51 mg. of a gray powder. 

The crude 6-hydroxynicotinie acid precipitated by the initial acidifica- 
tion was dissolved again in boiling methanol. When this solution was 
slowly cooled, most of the 6-hydroxynicotinic acid reprecipitated, leaving 
most of the occluded 2,5-dihydroxypyridine in solution. After removal 
of the 6-hydroxynicotinic acid by filtration, an equal volume of water was 
added to the filtrate, which was then passed through a Dowex 50 column, 
and purified in the same fashion as the main batch, to yield 28 mg. of 
material. | 

The two batches were combined and recrystallized from isopropanol, 
yielding 51 mg. of almost colorless material. The properties of the iso- 
lated 2,5-dihydroxypyridine are listed in Table I, together with the 
corresponding data of den Hertog et al. (20) on the synthetic compound. 

Oxidation of Nicotinic Acid by Cell-Free Extracts and Particulate Frac- 
tion—Provided that they are sufficiently concentrated, extracts from cells 
grown at the expense of nicotinic acid can carry out an extensive oxidation 
of both nicotinic acid and 6-hydroxynicotinic acid. The protein concentra- 
tion must be of the order of 20 mg. per ml. Such extracts show a high 
endogenous oxygen uptake. When limiting quantities of nicotinic acid 
are added, the oxygen uptake in excess of endogenous approximates 
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closely the theoretical value for complete oxidation (11 atoms per mole of 
substrate). 

The particulate fraction can also oxidize nicotinic acid, but the total 
oxygen uptake is only 1 atom per mole of substrate, and there is no pro- 
duction of carbon dioxide. This fraction is wholly incapable of consuming 
oxygen at the expense of 6-hydroxynicotinic acid. Since Hughes (7, 8) 
had already shown that 6-hydroxynicotinic acid is formed from nicotinic 
acid by cell-free extracts, it seemed probable that this compound was the 
product of the oxidation catalyzed by the particulate fraction. In order 
to confirm this supposition, the reaction was conducted on a larger scale 
and the product was isolated. 


TaBLeE I 
Properties of Natural 2,5-Dihydroxypyridine, Compared with Those Reported by 
den Hertog et al. (20) for Synthetic Compound 


Natural Synthetic 
Melting point Darkens, 200-210°; decom-} Darkens, 205°; decom- 
poses, 225-235° poses, 225-235° 
of diacetyl) 65-66° 68° 
derivative 
Color with FeCl; Pinkish red Pinkish red 
ss ‘* Folin phenol re-| Dark blue Dark blue 
agent 
Absorption maxima, ex-} 230.5 my; 7000 230 my; 6900 
tinction coefficients* in| 321 my; 5300 320 mu; 5120 
water 


* Unfortunately, no extinction coefficients for synthetic material have been pub- 
lished. The values given here were estimated from the graph of the absorption 
spectrum by den Hertog e¢ al. (20), and hence are only approximations. 


2 ml. of a particulate fraction (11 mg. of protein per ml.) were mixed 
with 25 ml. of 0.02 m phosphate buffer (pH 6.8) and 4.0 ml. of neutralized, 
0.25 M nicotinic acid in an Erlenmeyer flask of 500 ml. capacity. The 
flask was incubated in a water bath at 30° and shaken mechanically in 
order to provide sufficient aeration. Aliquots were withdrawn periodically, 
and the course of the oxidation was followed by measuring the increase 
in optical density of the mixture at 295 my. As shown in Fig. 1, light 
absorption by nicotinic acid at this wave length is negligible, whereas 
6-hydroxynicotinic acid has a high absorption. The optical density at 
295 mu became constant after 75 minutes, at which time the particulate 
material was sedimented by high speed centrifugation. The supernatant 
liquid was evaporated to a volume of 5 ml. on a steam bath, a slight precipi- 
tate was removed by centrifugation, and the concentrated solution was 
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acidified with 6 Nn HCl. A copious precipitate of 6-hydroxynicotinic acid 
formed. It was collected by centrifugation, washed with distilled water, 
and dried. The yield was 129 mg., or 92 per cent of the theory. This 
very convenient method was also used to prepare 6-hydroxynicotinic 
acid-carboxyl-C“ from nicotinic acid-carboxyl-C“.. The properties of 
natural and synthetic 6-hydroxynicotinic acid are compared in Table II. 

It is evident from these data that the reaction catalyzed by the particu- 
late fraction can be formulated as nicotinic acid + 0.5 O. — 6-hydroxy- 
nicotinic acid. 

The soluble fraction is unable to oxidize nicotinic acid. The hydroxy- 
lating enzyme therefore appears to be strictly localized in the particulate 
fraction, which also contains the entire bacterial cytochrome system, which 
is almost completely in the oxidized state. Upon the addition of nicotinic 
acid to a heavy suspension of particles, there is a rapid appearance of 


TaBLeE II 
Comparison of Properties of Natural and Synthetic 6-Hydrozynicotinic Acid 
Material Melting point (corrected) ry 
°C 
Mixture of synthetic and natural acids... 313-314 


Melting points were determined in evacuated capillary tubes. All of the samples 
melted with decomposition and gas evolution. 


reduced cytochrome bands, as observed with a hand spectroscope. The 
hydroxylation of nicotinic acid is, therefore, a cytochrome-linked oxidation. 

Oxidation of 6-Hydroxynicotinic Acid and 2,5-Dihydroxypyridine by 
Soluble Fraction—An extensive oxidation of 6-hydroxynicotinic acid is 
catalyzed by the soluble fraction. The total oxygen uptake is, however, 
less than that obtained with a cell-free extract which still contains the 
particulate fraction. The difference reflects the fact that the oxidation 
catalyzed by the soluble fraction leads to the formation of organic acids 
(formic, acetic, and lactic) which cannot be further oxidized without the 
intervention of the cytochrome system, exclusively located in the particles. 

Quantitative data on the oxidation of 6-hydroxynicotinic acid by the 
soluble fraction are shown in Table III. For each mole of substrate 
oxidized, 1 mole of formic acid is produced. The quantities of acetic and 
lactic acids formed are much less: there is approximately 0.5 mole of 
each, the sum of the two being almost exactly 1 mole. It will be noted 
also that the amount of carbon dioxide produced approximates 2.5 moles 
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BACTERIAL OXIDATION 
per mole of substrate oxidized. These facts suggest that the acetic and 
lactic acids, together with part of the carbon dioxide, are derived secondarily 
from 2 molecules of an intermediate formed through the oxidation of the 
6-hydroxynicotinic acid. Since whole cells accumulate pyruvate from 
nicotinic acid in the presence of arsenite, the production of acetic and lactic 
acids by the soluble fraction could be most reasonably attributed to a 
dismutation of pyruvic acid. As shown in Table IV, this reaction is in 
fact catalyzed by the soluble fraction. Quantitative determinations of the 


TABLE III 
Balance Sheet for Oxidation of 6-Hydroxynicotinic Acid by Soluble Fraction 
Control Difference | Observed*} Theory*t 
pmoles pumoles pmoles 
Reactants Substrate furnished 0.0 5.0 5.0 
Oxygen consumed 1.25 11.25 10.00 2.00 2.0 
Products Carbon dioxidet 5.75 19.05 13.30 2.66 2.5 
Ammonia 17.05 21.95 4.90 0.98 1.0 
Succinic acid 3.13 3.31 0.18 0.03 0.0 
Formic acid 1.09 6.11 5.02 1.00 1.0 
Lactic ‘“ 1.34, 3.35 2.01 0.40 0.5 
Acetic ‘‘ 0.00 2.95 2.95 0.59 0.5 
Sum of acetic and lactic] 1.34 6.30 4.96 0.99 1.0 
acids 


Both control and experimental vessels contained 1.5 ml. of soluble fraction (17 
mg. of protein per ml.). The control vessel received 0.5 ml. of 0.01 mM phosphate 
buffer (pH 6.8); the experimental vessel, 0.5 ml. of 0.01 mM 6-hydroxynicotinic acid 
(neutralized). 

* Moles per mole of substrate oxidized. 

t To fit the equations shown in the text. 

t Including initial bound COs. 


products formed under aerobic conditions from pyruvie and 6-hydroxy- 
nicotinic acids by the soluble fraction always showed a molar ratio of 
acetic to lactic acid slightly in excess of 1.0. This reflects the ability of 
the soluble fraction to catalyze a very slow oxidation of pyruvic acid, which 
consequently does not undergo a pure dismutation in the presence of air. 

When the oxidation of 6-hydroxynicotinic acid by the soluble fraction 
was conducted in the presence of appropriate concentrations of arsenite, 
pyruvic acid could be detected qualitatively among the end products. 
The action of the soluble fraction on 6-hydroxynicotinic acid may, there- 
fore, be represented as 


+ 20, + 2H.0 > HCOOH + CH,COCOOH + 2CO, + NH; | 
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followed by 
2CH;COCOOH — CH;CHOHCOOH + CH;COOH + CO, 


Preparations of the crude soluble fraction characteristically oxidize 
6-hydroxynicotinic acid with the uptake of 4 atoms of oxygen per mole of 
substrate. A single exceptional preparation effected the consumption of 
only 1 atom of oxygen per mole of substrate. The factors responsible for 
this are unknown; we were never able to obtain similar results with any 
subsequent preparation. Spectrophotometric examination of the vessel 


TABLE IV 
Balance Sheet for Dismutation of Pyruvic Acid by Soluble Fraction 
Control Saat Difference |Observed* | Theory*t 
pumoles pmoles pmoles 
Reactants Pyruvate furnished 0.0 5.0 5.0 
Oxygen consumed 1.25 1.78 0.53 0.10 0.0 
Products Carbon dioxidet 5.75 8.92 3.17 0.63 0.5 
Succinic acid 3.13 3.27 0.14 0.03 0.0 
Formic acid 1.09 1.08 0.00 0.00 0.0 
Lactic ‘‘ 1.34 3.70 2.36 0.47 0.5 
Acetic ‘‘ 0.00 2.55 2.55 0.51 0.5 
Sum of acetic and lactic, 1.34 6.25 4.91 0.98 1.0 
acids 


The conditions were as in Table III, except that the experimental vessel received 
0.5 ml. of 0.01 mM sodium pyruvate. 

* Moles per mole of substrate. 

t For a pure dismutation of pyruvic acid. 

t Including initial bound 


contents, after completion of the oxidation of 6-hydroxynicotinic acid by 
this particular extract, revealed the presence of a compound with the 
characteristic absorption spectrum of 2,5-dihydroxypyridine (Fig. 1). 
Accordingly, the same enzyme preparation was employed to study the 
oxidation of 6-hydroxynicotinic acid labeled with C™ in the carboxyl 
group. The results (Table V) are in accord with the occurrence of the 
following reaction: 


OH 


| + 050. 4+ CHO, 


| 
NN? \N 
| HO HO 
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Typical preparations of the soluble fraction, which oxidize 6-hydroxy- 
nicotinic acid with the uptake of + atoms of oxygen, can also rapidly 
oxidize 2 ,5-dihydroxypyridine, with formation of the same end products: 
ammonia, carbon dioxide, and formic, acetic, and lactic acids. The total 
oxygen uptake is 3 atoms per mole of substrate. 

Effects of Dilution and Aging on Oxidations Catalyzed by Soluble Frac- 
toon—The enzymatic oxidation of 6-hydroxynicotinic acid is nearly always 
characterized by an initial lag, the duration and intensity of which depend 
markedly on the concentration of the enzyme system. Indeed, if even a 
fresh and highly active soluble fraction is diluted to a protein content of 
about 5 mg. per ml., the ability to consume oxygen at the expense of 
6-hydroxynicotinic acid is completely lost. The system is likewise very 
sensitive to aging. If a soluble fraction is shaken in air in a Warburg 


TABLE V 
Oxidation of 6-Hydroxynicotinic Acid-Carboxryl-C™ to 
2,5-Dihydroxzypyridine by Soluble Fraction 
Amount of substrate, 5 umoles. 


Found Theory 
pl. pl. 
Carbon dioxide production.............. 93 112 
C.p.m. c.p.m.* 
Total activity of CO2 after conversion to 


* Based on activity in carboxyl group of substrate. 


vessel for 90 minutes before the addition of substrate, the duration of the 
lag in oxygen uptake is doubled, and the subsequent steady maximal rate 
of oxidation is halved. The extreme apparent instability of this system 
probably reflects coupling with some reactant present in the soluble frac- 
tion. The kinetics of the oxidation resemble those of tryptophan oxidation 
by tryptophan peroxidase (21, 22), and it is possible that a similar coupled 
peroxidase-oxidase system is involved. Activity is fairly well maintained 
in frozen extracts, stored at —25°. Such extracts can be preserved for 
several weeks before the decline in their activity becomes sufficient to 
preclude further use. 

The system responsible for the oxidation of 2,5-dihydroxypyridine is 
much less sensitive to dilution and aging. Oxygen uptake always begins 
immediately after substrate addition, and proceeds at a constant rate 
until 2 atoms of oxygen per mole of substrate have been consumed. The 
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differential effects of dilution on the oxidation of 6-hydroxynicotinic acid 
and 2,5-dihydroxypyridine by the soluble fraction are illustrated in Fig. 3. 

Enzymatic Conversion of 2,5-Dihydroxypyridine to Dicarboxylic Acids— 
The magnitude of the oxygen uptake at the expense of 2,5-dihydroxy- 
pyridine is influenced by the concentration of the enzyme system (Fig. 3). 
With a concentrated soluble fraction, there is a rapid uptake of 2 atoms 
of oxygen, followed by a somewhat slower uptake of a 3rd atom. If such 
a preparation is appropriately diluted, the total oxygen uptake falls to 2 
atoms. Quantitative analysis of the products formed under these condi- 


e—e 6 -HYDROXYNICOTINIC ACID 
2,5 DIHYDROXYPYRIDINE 
UNDILUTED ENZYME 
e 
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Fic. 3. The differential effect of dilution on the oxidation of 6-hydroxynicotinic 
acid and 2,5-dihydroxypyridine. Vessels used to determine oxygen uptake with 
undiluted enzyme contained 2.0 ml. of soluble fraction (16.5 mg. of protein per ml.). 
Vessels used to determine oxygen uptake with diluted enzyme contained 0.5 ml. of 
the same soluble fraction, together with 1.5 ml. of 0.02 m phosphate buffer (pH 6.8). 
In each case, the reaction was initiated by the addition of 0.2 ml. of 0.025 M substrate. 
The endogenous oxygen uptakes have been subtracted. 


tions (Table VI) shows that 2,5-dihydroxypyridine is converted to 1 mole 
each of ammonia, formic acid, and malic acid. Presumably the oxidation 
of malic acid to pyruvic acid is prevented by dilution. : 

If the oxidation of 2,5-dihydroxypyridine by a diluted preparation is 
arrested before completion of the oxygen uptake, some fumaric acid can 
be detected by paper chromatography among the products in the reaction 
mixture. These observations show that the carbon skeleton of 2,5- 
dihydroxypyridine is converted to 1 mole of formic acid and 1 mole of a C, 
compound which can give rise by subsequent reactions to fumaric and 
malic acids. 

Mechanism of Ring Cleavage—In view of the data so far presented, an 
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attempt was made to deduce the position of ring cleavage in 2 ,5-dihydroxy- 


pyridine. 
OH 
WA. 
3 5 
N 
HO 


Four of the carbon atoms in the pyridine ring give rise to a C,-dicar- 
boxylic acid, and the 5th carbon atom is converted to formic acid. Cleav- 


TABLE VI 
Balance Sheet for Oxidation of 2,5-Dihydroxypyridine by Diluted Soluble Fraction 
Control rte Difference |Observed* | Theory*t 
pmoles pmoles pumoles 
Reactants | 2,5-Dihydroxypyridine| 0.0 5.0 5.0 
Oxygen consumed 0.1 3 5. 1.04 1.0 
Products Carbon dioxidet 1.9 2.1 0.2 0.04 0.0 
Ammonia 5.7 10.5 4.8 0.96 1.0 
Formic acid 0.0 4.7 4.7 0.94 1.0 
Malic ‘“ 0.0 4.9 4.9 0.98 1.0 


Both controls and experimental vessels contained 0.5 ml. of soluble fraction (13 
mg. of protein per ml.) and 1.0 ml. of 0.02 mM phosphate buffer (pH 6.8). The experi- 
mental vessel was furnished with 0.2 ml. of 0.025 m 2,4-dihydroxypyridine, the con- 
trol with 0.2 ml. of buffer. 

* Moles per mole of substrate oxidized. 

t To fit the equation shown in the text. 

t Including initial bound CO:. 


ages between atoms 3 and 4 or 4 and 5 of the ring cannot yield directly an 
aliphatic product containing more than 3 carbon atoms, and hence appeared 
unlikely. 

There are relatively few known biochemical mechanisms for the produc- 
tion of formic acid and, if the nature of the substrate is considered, only 
one of these mechanisms appeared at all probable; namely, the hydrolysis 
of an N-formyl group. A cleavage reaction which yields an aliphatic 
product with a terminal N-formyl group was accordingly indicated, and 
this in turn limited the likely sites of ring opening to the 2,3 and 5,6 
positions. Cleavage between atoms 2 and 3 appeared improbable, as 
Hughes (8) had already pointed out. Hughes found that 5-fluoronicotinic 
acid “can be oxidized almost as extensively as nicotinic acid itself, a fact 
which is not readily explicable if the 5 position of nicotinic acid (equivalent 


t 
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to the 3 position of 2,5-dihydroxypyridine) is involved in oxidative ring 
cleavage. 

This left a 5,6 cleavage as the most likely possibility. Oxidative ring 
cleavage of benzenoid phenolic substrates occurs characteristically with 
the uptake of 2 atoms of oxygen. A similar cleavage of 2,5-dihydroxy- 
pyridine between the 5 and 6 positions should yield N-formylmaleamic 
acid as the first product. Three subsequent non-oxidative reactions would 
be required to convert this compound to fumaric acid: two hydrolyses, 
liberating formic acid and ammonia, respectively, and a cis-trans isomer- 
ization. The simultaneous liberation of the formyl and amino groups 
as formamide could be excluded a priori, since earlier experiments had 
shown that the soluble fraction is unable to attack formamide. The 
postulated immediate product of ring cleavage, N-formylmaleamic acid, has 
never been described or synthesized. However, its conversion to fumaric 
acid, after a hydrolytic removal of the formyl group, would necessarily 
involve as intermediates either maleamic acid or fumaramic acid or both. 
Both of these compounds, the respective semiamides of maleic and fumaric 
acids, are known and can be easily synthesized. Their preparation was 
accordingly undertaken as indicated in the section on methods. 

The action of the soluble fraction on fumaric, maleic, fumaramic, and 
maleamic acids was tested in the following way. A series of tubes, each 
containing 0.2 ml. of the soluble fraction (15 mg. of protein per ml.), was 
prepared. ‘To each tube there were added 100 uwmoles of one of the acids 
mentioned above (0.5 ml. of a neutral 0.2 m solution). The tubes were 
incubated under an atmosphere of nitrogen for 3 hours at room temperature. 
At the end of this period, 0.5 ml. of 2 n H,SO, was added to each tube. 
The contents were extracted with ether, the ether extracts were evaporated 
to dryness, and the residues were dissolved in an excess of NH,OH. Ali- 
quots were then chromatographed on paper, in parallel with samples of the 
pure acids, the solvent of Adelberg et al. being used (15). Chromatography 
showed (a) that fumaramiec acid had not been attacked by the soluble 
fraction, (b) that maleamic and maleic acids had been converted entirely 
to mixtures of fumaric and malic acids, and (c) that fumarie acid had been 
partly converted to malic acid. 

The reactions which result in the conversion of maleamic and maleic 
acids to fumaric and malic acids were further investigated by spectro- 
photometry. Although the ultraviolet. absorption spectra of maleamic, 
maleic, and fumaric acids are similar in shape, the extinctions of these 
three acids differ (Fig. 4). Fumaric acid has the highest extinction, 
followed in turn by maleamic acid and maleic acid. Consequently the 
hydrolysis of maleamic acid to maleic acid causes a fall in optical density, 
the isomerization of maleic acid to fumaric acid causes a rise in optical 
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density, and the conversion of fumaric acid to malic acid, which has 
negligible ultraviolet light absorption, causes a fall in optical density. 
Measurements were made at 295 muy, where the extinctions are low, which 
permits the use of relatively high concentrations of substrates. The 
results of a typical experiment are shown in Fig. 5. There is a slow change 
of optical density with fumaric acid as substrate, indicating that the 
fumarase activity in the soluble fraction is weak. With maleic acid as a 
substrate, the optical density rises rapidly to a maximum and then declines 
slowly at a rate which parallels fairly closely the rate of decline of optical 
density with fumaric acid as substrate. The fact that fumaric acid had 
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Fic. 4. The absorption spectra of maleic, maleamic, fumaric, and fumaramic 
acids in water at pH 6.8. 


been formed from maleic acid was established by the addition of a large 
amount of crystalline fumarase, at the time indicated in Fig. 5 by an arrow. 
This was immediately followed by a rapid fall in optical density. With 
maleamic acid as substrate, there is a short initial decline of optical density, 
reflecting the conversion of the maleamic to maleic acid; the subsequent 
optical density changes parallel those observed with maleic acid as sub- 
strate. The ultimate accumulation of fumaric acid was again demonstrated 
by the occurrence of a rapid decline of optical density upon the addition 
of fumarase. No optical density change occurs when fumaramie acid 1s 
added to the soluble fraction, which confirms its biochemical inertness in 
this system. 

The demonstration that the soluble fraction derived from cells grown 


S 
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on nicotinic acid can catalyze the rapid conversion of maleamic acid to 
fumaric acid was in accord with our deductions concerning the mechanism 
of ring cleavage, but constituted only indirect evidence for the postulated 
mechanism. However, maleamic and maleic acids were not previously 
known to occur naturally, and hence the existence of enzymes capable of 
attacking them in a bacterial extract could be regarded as an event with an 
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Fic. 5. A spectrophotometric experiment which demonstrates the conversion of 
maleamic acid and maleic acid to fumaric acid. Each cuvette contained 2.8 ml. of 
0.01 m substrate in 0.02 M phosphate buffer (pH 6.8). At zero time, 0.2 ml. of soluble 
fraction (15.2 mg. of protein per ml.) was added. Fumaric acid, A; maleic acid, @; 
maleamie acid, ®. At the points indicated by the arrows, crystalline fumarase was 
added to each cuvette. 


exceedingly small random probability. The most reasonable interpretation 
of this observation is that the two acids in question are intermediates in 
the dissimilation of nicotinic acid, and that the high activities of the two 
enzymes which act upon them in extracts of bacteria grown at the expense 
of nicotinie acid are a consequence of sequential induction (simultaneous 
adaptation). Accordingly, an extract was prepared in the usual manner 
from cells of strain N-9 grown at the expense of succinic acid. The soluble 
fraction was isolated by high speed centrifugation, and tested spectrophoto- 
metrically for its ability to attack maleamic, maleic, and fumaric acids. 
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Fumaric acid was slowly decomposed, but there was no decomposition of 
the two other substrates. This experiment shows that the enzymes - 
acting upon maleamic and maleic acids are inducible in strain N-9, and 


are formed as a consequence of growth at the expense of nicotinic acid. - 
In view of the steric specificity of induced enzyme synthesis, the observed at 
patterns of activity are intelligible only as a consequence of sequential - 
induction. 2, 

a 


Interestingly enough, neither maleamic nor maleic acid can serve as a 
substrate for the growth of strain N-9 or be oxidized by it. Since our 
culture collection contained many other strains of the Pseudomonas group 
capable of growing at the expense of nicotinic acid, a systematic study 
of the ability of these strains to use maleamic and maleic acids for growth 3 
was undertaken. None could grow with maleamic acid, and only a small 
minority with maleic acid. Among those strains initially incapable of 
growing with maleic acid, some gave rise to mutants which had acquired 
this ability. Presumably the intact bacterial cell is as a rule impermeable 
to maleic acid, but the permeability barrier can be overcome by mutation. 

Properties of 2,5-Dihydroxypyridine Oxidase—2 ,5-Dihydroxypyridine 
has an absorption maximum at 320 mu (Fig. 1), and its oxidation can, 
accordingly, be conveniently measured by spectrophotometry. By use of A 
a spectrophotometric assay, some preliminary studies of the oxidase were 
carried out. The enzyme shows roughly equal activity in pyrophosphate, 
phosphate, and glycylglycine buffers, but considerably less in tris(hydroxy- 
methyl)aminomethane buffer. The pH optimum lies close to 8.0, but at m= 
this pH some component of the system appears to be rapidly inactivated, $0 
and linear rates cannot be maintained. Almost all activity is lost after of 
storage at 0° for 48 hours. 

Experiments with inhibitors showed that a,a’-dipyridyl] at a concentra- 
tion of 1.7 X 10-* m completely abolished oxidase activity, suggesting the as 


involvement of iron in the reaction. Spectrophotometric study of the wi 
effect of ferrous ions is complicated by the ready oxidation of ferrous salts 
with air under alkaline conditions, and the resulting precipitation of ferric pt 
hydroxide. Fortunately, the oxidase is still active at pH 6.5. With 0.5 fy 
M acetate (pH 6.5) as a solvent, ferrous ions may be added to the reaction fl 
mixture without formation of a precipitate. t¢ 
Dialysis of the soluble fraction against water at 5° for 12 hours causes a 0 
complete loss of activity, but activity of such a dialyzed preparation can | 2: 
be restored by the addition of ferrous iron (3.3 & 10-4 mM ferrous ammonium h 
sulfate). The effect of Fe+*+ cannot be duplicated by Mntt, Nitt+, Cot, a 
or Fet++, The requirement for Fet+ for the oxidation of 2 ,5-dihydroxy- CC 
pyridine by a dialyzed extract is shown in Fig. 6. | . 


The oxidase can be fractionated by the use of ammonium sulfate, al- 
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though ammonium sulfate precipitation causes a complete resolution with 
In a preliminary fractionation, the bulk of the activity 
was recovered in the fraction which precipitated between 0.50 and 0.625 
This fraction was found to be incapable of attacking maleamic 
acid. An experiment was therefore conducted in order to deterniine the 
nature of the products which accumulated as a result of the oxidation of 
Two flasks were furnished with 5 ml. of 0.5 m 
acetate buffer (pH 6.5), 0.5 ml. of the enzyme fraction (11.5 mg. of protein 
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Fic. 6. The effect of ferrous iron on the 2,5-dihydroxypyridine oxidase. 


cuvette contained 2.7 ml. of 0.2 M acetate buffer (pH 6.5) and 0.025 ml. of a dialyzed 
soluble fraction (13.5 mg. of protein per ml.). 
of a 0.01 m solution) was added at —2 minutes (Curve 1), 1 minute (Curve 2), and 4 


minutes (Curve 3). Substrate (0.2 ml. of 0.001 m 2,5-dihydroxypyridine) was added 


to each cuvette at zero time. 


Fig. 7. A spectrophotometric demonstration that the product formed by the 
oxidation of 2,5-dihydroxypyridine is maleamic acid. The conditions of experiment 
were as described for Fig.5. Fumarase was added at the time indicated by the arrow. 


per ml.), and 0.5 ml. of 0.01 m ferrous ammonium sulfate. 


Ferrous ammonium sulfate (0.1 ml. 


One flask was 


furnished in addition with 30 umoles of 2,5-dihydroxypyridine. 


flasks were incubated at a temperature of 30°, and agitated mechanically 
Aliquots were withdrawn at intervals, and the course 
of the oxidation was followed by determination of the optical density at 
After 60 minutes, 90 per cent of the added 2 ,5-dihydroxypyridine 
had disappeared. The reaction mixtures were deproteinized, and formic 
acid was measured on aliquots by the formic hydrogenlyase method. The 
control flask contained none, whereas the flask furnished with 2,5-dihy- 
droxypyridine contained 27.6 uwmoles of formic acid. The remainder of 
the deproteinized reaction mixtures was extracted with ether, and aliquots 
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of the ether extracts were subjected to paper chromatography. A spot 
corresponding to known maleamic acid was found in the material from the 
flask furnished with 2,5-dihydroxypyridine; there was no trace of maleic, 
fumaric, or malic acid. In order to confirm the presence of maleamic acid, 
the remaining ether extract was evaporated, and the residue was dissolved 
in 0.05 m phosphate buffer (pH 6.8). When this solution was treated with 
the soluble fraction, the spectral changes characteristic of the action of 
the soluble fraction on synthetic maleamic acid took place (Fig. 7). It 
may therefore be concluded that 2,5-dihydroxypyridine had been con- 
verted to maleamic and formic acids by the fractionated oxidase prepara- 
tion. 


DISCUSSION 


The oxidation of nicotinic acid by P. fluorescens is mediated through a 
series of special enzymes, of which the synthesis is induced sequentially 
by exposure of the cells to nicotinic acid. By the action of these enzymes, 
the primary substrate is converted to ammonia, carbon dioxide, formic 
acid, and fumaric acid. The subseouent steps are not peculiar to this 
oxidation; with the formation of fumaric acid, 4 carbon atoms derived 
from nicotinic acid enter the main pathways of cellular metabolism. The 
individual steps in the conversion of nicotinic acid to fumarie acid are 
illustrated in Fig. 8. There is still no direct evidence for one of the postu- 
lated intermediates, N-formylmaleamic acid, which we infer to be the 
immediate product of ring cleavage. 

The fate of the individual atoms of nicotinic acid is indicated schemati- 
cally in Fig. 9. Physiologically speaking, the important feature of this 
oxidation is the production of 1 mole of pyruvic acid from each mole of 
substrate. The pyruvic acid so generated serves as the proximate source 
of carbon for synthesis and growth. Its oxidation must also provide the 
main source of energy, although some energy may also be obtained from 
preceding oxidative steps which are cytochrome-linked. These include 
the initial hydroxylation of nicotinic acid and the oxidation of formic acid, 
both catalyzed by enzymes bound to the particulate cellular fraction, 
which also bears the cytochrome system. 

In the bacterial fermentation of nicotinic acid discovered by Harary (6, 
9), the substrate is decomposed to yield 1 mole each of ammonia, carbon 
dioxide, and propionic and acetic acids. Harary has also shown that the 
first product is 6-hydroxynicotinic acid, identical with the first product 
in the oxidative pathway. It is, accordingly, possible that the anaerobic 
dissimilation occurs through the same series of intermediates as the aerobic 
one. This would imply that the formyl group, derived from position 2 
of nicotinic acid, is preserved and transferred to another 1-carbon fragment 
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to form acetic acid, and that the propionic acid is derived from carbon 
atoms 3, 4, and 5 or 4, 5, and 6, like the pyruvic acid formed in the aerobic 
dissimilation. 

There are some striking parallels between the oxidative dissimilation of 
the pyridine ring, as exemplified by the present work, and the various 
oxidative dissimilations of substrates which contain the benzene ring. 
Characteristic of both classes of oxidations is the occurrence of a double 
hydroxylation of the ring as a preliminary to its oxidative cleavage. In 
the oxidation of benzenoid substrates, the two hydroxyl groups are inserted 
either ortho to each other, as in the oxidation of benzoic acid (hydroxylated 
intermediate: catechol), or para, as in the oxidation of tyrosine (hydroxy- 
lated intermediate: homogentisic acid). In the oxidation of nicotinic acid, 


H ; pyruvic acid + CO, 
-CO, 
malic acid 
+H_O 
2] 
-HCOOH 
H_ COOH H_ COOH ,COOH 
H COOH CONH, NH, 
Fia. 9 


Fic. 8. The pathway for the conversion of nicotinic acid to fumarie acid. 
Fic. 9. The metabolic fates of the individual atoms of nicotinic acid. 


the two hydroxyls are inserted para to each other (intermediate: 2,5-_ 
dihydroxypyridine), and, just as in the case of homogentisic acid, ring 
cleavage then occurs across a bond adjacent to one of the carbon atoms 
which bears a hydroxyl group. 

The oxidases which cleave benzenoid rings constitute a distinctive group 
of enzymes. The group properties include a requirement for ferrous ions 
and the catalysis of an oxidation which consumes 2 atoms of oxygen. The 
oxygen actually enters into the oxidized product, as recently proved by 
Hayaishi et al. (23), for catechol oxidase. These oxidases accordingly 
catalyze biological oxidations in which a direct addition of molecular 
oxygen to an organic substrate takes place. Our preliminary observations 
indicate that 2,5-dihydroxypyridine oxidase will take its place in the 
same class. It requires ferrous ions for activity, and the reaction occurs 
with the simultaneous uptake of 2 atoms of oxygen. 

These ring cleavages all give rise to aliphatic products which contain at 
least one double bond of cis configuration. In reaction sequences in which 
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ring cleavage occurs between adjacent hydroxyl groups, such as the se- 
quences leading from catechol (24) and protocatechuic acid (25), two 
double bonds of cis configuration remain and are subsequently eliminated 
by formation and hydrolysis of a lactone (26, 27). In reaction sequences 
in which ring cleavage involves a substrate with two hydroxyl groups in 
para relationship, the product has only one double bond of cis configura- 
tion. This is exemplified by the formation of maleylacetoacetic acid from 
homogentisic acid (28). The same situation is encountered in the oxida- 
tion of 2,5-dihydroxypyridine. In both of these reaction sequences, the 
subsequent elimination of the double bond involves a specific enzymatic 
cis-trans isomerization, with subsequent hydration of the trans isomer so 
formed. In the oxidation of homogentisic acid, cis-trans isomerization 
takes place immediately after cleavage, with the formation of fumarylaceto- 
acetic acid, which is decomposed to fumaric acid and acetoacetic acid be- 
fore hydration of the trans double bond occurs (29). In the oxidation of 
2 ,5-dihydroxypyridine, the cis configuration of the aliphatic product is 
initially retained, and the two steps necessary for double bond elimination 
occur in conjunction at a later stage (isomerization of maleic acid to fu- 
maric acid, followed by hydration to malic acid). 

The biological oxidations of unsaturated ring systems therefore appear 
to involve certain characteristic types of reactions, catalyzed by special 
classes of enzymes uniquely operative in these reaction sequences. 


SUMMARY 


The pathway for the oxidation of nicotinic acid by a strain of Pseudo- 
monas fluorescens has been investigated. The first step, catalyzed by a 
cytochrome-linked, particulate enzyme system, is hydroxylation in the 6 
position. This is followed by an oxidative decarboxylation to yield_2,5- 
dihydroxypyridine, which is in turn cleaved oxidatively to yield maleamic 
and formic acids. Maleamic acid undergoes a hydrolytic deamination to 
maleic acid, which is isomerized to fumaric acid. All of these reactions 
except the initial hydroxylation are catalyzed by soluble enzymes. 
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OBSERVATIONS ON THE OXIDATION OF HALOGENATED 
NICOTINIC ACIDS* 
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Hughes (1) discovered that certain halogenated derivatives of nicotinic 
acid can be attacked by the inducible enzymes of Pseudomonas fluorescens 
which catalyze the oxidative dissimilation of nicotinic acid. He reported 
that the 2-fluoro and 5-fluoro derivatives were oxidized by whole cells at 
approximately the same rate as nicotinic acid, whereas the 5-chloro deriva- 
tive was more slowly oxidized and the 5-bromo and 6-fluoro derivatives 
were not attacked at all. The oxidation of 5-fluoronicotinic acid was al- 
most as extensive as that of nicotinic acid itself, whereas the other oxidiz- 
able halogenated nicotinic acids gave rise to considerably smaller total 
oxygen uptakes. Hughes tentatively identified 5-chloro-6-hydroxynico- 
tinic acid as an intermediate in the oxidation of 5-chloronicotinic acid, but 
did not detect any intermediates in the oxidation of the fluorinated sub- 
strates. None of the halogenated nicotinic acids could support bacterial 
growth. The present paper reports some further observations on the 
metabolism of halogenated nicotinic acids. 


Materials and Methods 


The methods employed were those described in the preceding paper (2). 
Except where otherwise stated, strain N-9 of P. fluorescens served as bio- 
logical material. 

2-Fluoronicotinic acid was synthesized by the method of Minor e¢ al. 
(3). We are indebted to Dr. D. E. Hughes for samples of 5-chloro- and 
5-bromonicotinie acid, and to Dr. Arthur Roe and to Eli Lilly and Com- 
pany for samples of 5-fluoronicotinic acid. 


Results 


Oxidation of Halogen-Substituted Nicotinic Acids—Comparative data on 
the oxidation of nicotinic acid and some halogenated derivatives by whole 


* This investigation was supported in part by cancer research funds of the Uni- 
versity of California at Berkeley. 

t Predoctoral Research Fellow of the National Cancer Institute, Publie Health 
Service, 1955-56. Present address, Cancer Research Institute, New England Dea- 
coness Hospital, Boston 15, Massachusetts. 
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cells grown at the expense of nicotinic acid, and by the particulate frac- 
tion derived from them, are shown in Table I. The data on the oxidation 
of the 5-substituted nicotinic acids by whole cells agree broadly with those 
of Hughes (1). Both the 5-fluoro and 5-chloro compounds can be oxidized, 
the 5-fluoro more rapidly than the 5-chloro. The 5-bromo compound ap- 
pears to be unoxidizable. Hughes reported that 5-fluoronicotinic acid 
was oxidized almost as rapidly as nicotinic acid, but in our experiments the 
relative rates were never greater than 1:4. The total oxygen uptake with 
5-fluoronicotinic acid is almost 6 atoms per mole of substrate oxidized, 
some 75 per cent of the total oxygen uptake with nicotinic acid. The 
oxidation of 5-chloronicotinic acid was so slow that an accurate value for 


TABLE I 


Oxidation of Nicotinic Actd and Some Halogenated Derivatives by Whole Cells and by 
Particulate Fraction of P. fluorescens 


Whole cells* Particulate fraction 
Compound : Total oxygen Total oxygen 
Relative rate | uptake, atoms | Relative rate | uptake, atom 
of oxidation per mole of oxidation per mole 
substrate substrate 
5-Fluoronicotinic acid.......... 25 5.8 27 1.0 
5-Chloronicotinic .......... 10 9 
5-Bromonicotinic ‘‘ .......... 0 2.5 
2-Fluoronicotiniec ......... 0 0 


* Data corrected for endogenous oxygen uptake. 


total oxygen uptake could not be measured. Hughes reported that 2- 
fluoronicotinic acid is readily oxidized by strain KB1 of P. fluorescens, but 
we found that it could not be attacked at all by strain N-9. Through the 
kindness of Dr. Hughes, we obtained a subculture of strain KB1, but were 
unable to demonstrate an oxidation of 2-fluoronicotinic acid by it. We 
can offer no explanation for this discrepancy. 

The inducible enzyme which oxidizes nicotinic acid to 6-hydroxynico- 
tinic acid is located exclusively in the particulate fraction of cell-free ex- 
tracts (2). As shown in Table I, the particulate fraction can also oxidize 
the nicotinic acids substituted in the 5 position. The relative rates of 
oxidation of nicotinic acid, 5-fluoronicotinic acid, and 5-chloronicotinic 
acid by the particulate fraction correspond closely to the relative rates of 
oxidation of these substrates by whole cells. The total oxygen uptakes 
with nicotinic acid and 5-fluoronicotinic acid are identical (1 atom per 
mole of substrate oxidized). The particulate fraction can oxidize 5-bromo- 
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nicotinic acid at a very low rate (2.5 per cent of the rate of oxidation of 
nicotinic acid). Since this fraction consumes no oxygen in the absence of 
substrate, even a low rate of substrate oxidation can be accurately meas- 
ured. With whole cells, on the other hand, an oxygen consumption of this 
magnitude might be obscured by the considerably greater endogenous 
respiration. It is accordingly possible that whole cells can also oxidize 
5-bromonicotinic acid at a very low rate. 

Enzymatic Preparation of 5-Fluoro-6-hydroxynicotinic Acid—The oxida- 
tion of nicotinic acid catalyzed by the particulate fraction results in the 
stoichiometric formation of 6-hydroxynicotinic acid (2). By analogy, the 
enzymatic oxidation of 5-fluoronicotinic acid should yield 5-fluoro-6-hy- 
droxynicotinic acid. In order to confirm this, the reaction was conducted 
on a larger scale and the product was isolated. 

The reaction mixture consisted of 8.0 ml. of a particulate fraction (91 
mg. of protein), 8.0 ml. of 0.1 mM neutralized 5-fluoronicotinic acid, and 24 
ml. of 0.02 m phosphate buffer (pH 6.8). It was incubated at 30° in an 
Erlenmeyer flask of 250 ml. capacity, which was agitated mechanically to 
insure adequate aeration. The course of the oxidation was checked by 
determining oxygen uptake manometrically on an identical reaction mix- 
ture at one-fortieth of the scale of the main run. When oxygen uptake 
ceased in the pilot vessel, the mixture in the main reaction vessel was cen- 
trifuged in order to sediment the particles. The supernatant liquid was 
treated with Norit, heated to the boiling point, and filtered. The hot 
filtrate was acidified with HCI, and allowed to stand overnight at 5°. The 
crystalline precipitate was separated by filtration, washed with cold water, 
and dried. The recovery was 86.6 mg., or 68 per cent of theory for the 
oxidation of the quantity of substrate furnished to 5-fluoro-6-hydroxynico- 
tinic acid. 

Elementary analysis of the isolated compound gave the following results: 
C 45.65, H 2.65, N 8.86. Calculated values for 5-fluoro-6-hydroxynico- 
tinic acid are C 45.87, H 2.57, N 8.92. The corrected melting point (de- 
termined in an evacuated capillary tube) was 353-355° (decomposed). 
The absorption spectrum is similar to that of 6-hydroxynicotinic acid 
(Fig. 1). Taken in conjunction with its mode of formation, these data 
leave little doubt that the isolated compound is 5-fluoro-6-hydroxynico- 
tinic acid. This acid has not been previously described or synthesized, 
and so a comparison with the properties of synthetic material cannot at 
present be made. 

The enzymatically prepared 5-fluoro-6-hydroxynicotinie acid is oxidized 
by whole cells at 32 per cent of the rate at which 6-hydroxynicotinic acid 
is oxidized. The total oxygen uptake is 5.2 atoms per mole of substrate 
furnished, or 0.6 atom less than the total oxygen uptake at the expense of 
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5-fluoronicotinic acid. 5-Fluoro-6-hydroxynicotinic acid can also be oxi- 
dized by the enzymes of the soluble fraction; the total oxygen uptake is 
4 atoms per mole of substrate oxidized, identical with the oxygen uptake 
by the soluble fraction at the expense of 6-hydroxynicotinic acid. 

Ultimate Metabolic Fate of 5-Fluoronicotinic Acid—As shown in Table I, 
whole cells of P. fluorescens N-9 consume approximately 8 atoms of oxygen 
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Fic. 1. The absorption spectra of 6-hydroxynicotinic acid (@) and 5-fluoro-6- 
hydroxynicotinic acid (A) in water at pH 6.8. 


per mole of nicotinic acid oxidized. This is less than the theoretical value 
for complete oxidation (11 atoms per mole of substrate). The discrepancy 
may be reasonably attributed to the occurrence of some oxidative assimila- 
tion, which takes place at the expense of the pyruvic acid into which three 
of the carbon atoms of nicotinic acid are eventually converted (2). With 
5-fluoronicotinic acid, whole cells consume approximately 6 atoms of 
oxygen per mole of substrate oxidized (Table I). As established by Hughes 
(1), 5-fluoronicotinic acid cannot serve as a substrate for bacterial growth 
despite its oxidizability. This suggests that it cannot serve as a source of 
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assimilable carbon. If such were the case, however, the consumption of 
6 atoms of oxygen should reflect an incomplete oxidation of the substrate, 
with the accumulation of aliphatic end products on the average oxidation 
level of acetate. The fact that the soluble fraction can oxidize 5-fluoro-6- 
hydroxynicotinic acid and 6-hydroxynicotinic acid with the same total oxy- 
gen uptake indicated that there could be no interference with the reactions 
which lead in the normal oxidation to the formation of pyruvate (2), and 
therefore also pointed to the terminal stages of the oxidation as the site 
of metabolic derangement. Accordingly, an experiment was performed in 
order to determine whether aliphatic acids accumulate during the oxidation 
of 5-fluoronicotinic acid by whole cells. Cells from a culture grown at the 
expense of nicotinic acid were sedimented, washed, and resuspended in 
0.02 m phosphate buffer (pH 6.8), at a density of 0.2 mg. of dry weight 
per ml. Of this suspension, 100 ml. were added to each of two 500 ml. 
Erlenmeyer flasks. One flask also received 1.0 ml. of 0.1 m 5-fluoronico- 
tinic acid, and the other 1.0 ml. of 0.1 m nicotinic acid. Both flasks were 
incubated on a shaking machine at 30°. The course of the oxidations was 
followed by measurement of oxygen uptake on pilot mixtures, prepared at 
one-fiftieth the scale of the main reaction mixtures. When the oxidations 
had proceeded to completion in the pilot flasks, the contents of the main 
reaction flasks were analyzed. The cells were removed by centrifugation, 
and the supernatant liquid was evaporated to a volume of about 10 ml. 
Most of the phosphate was removed by precipitation as calcium phosphate, 
which was filtered off. The filtrate was passed through a column of Amber- 
lite IR-120 in the hydrogen ion form, neutralized with concentrated 
NH,OH, and evaporated in vacuo to a volume of 2 ml. The concentrate 
Was again acidified with H.SO,, and extracted with ether. The ether 
extract was evaporated, and the residue dissolved in a small volume of 
water. This solution was subjected to unidirectional paper chromatog- 
raphy, the solvent. of Buffa et al. (4) being used. The contents of the 
flask in which 5-fluoronicotinic acid had been oxidized yielded two spots, 
the Ry values of which were identical with those of known acetic and citric 
acids. No acidic end products were detected in the contents of the flask 
initially provided with nicotinic acid. 


DISCUSSION 


In conjunction with our observations on the pathway for the dissimila- 
tion of nicotinic acid (2), the data reported above permit a tentative in- 
terpretation of the metabolism of 5-fluoronicotinic acid. Since the 5 posi- 
tion of nicotinic acid is not involved in the initial dissimilatory reactions, 
fluorine substitution at this position does not prevent attack by the se- 
quence of enzymes responsible for the initial steps in the oxidative dissim- 
lation of nicotinic acid. 5-Fluoronicotinic acid is not as rapidly 
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metabolized as nicotinic acid itself, probably because the fluorine atom 
slightly impedes enzyme-substrate combinations. In this connection, it 
should be noted that substitution in the 5 position of larger halogen atoms 
has a much more drastic effect on oxidizability: the rate of oxidation of 
5-chloronicotinic acid is only 40 per cent of the rate of oxidation of 5-fluoro- 
nicotinic acid, and 5-bromonicotinic acid is almost unoxidizable. 

The data on the oxidation of 5-fluoronicotinic acid and 5-fluoro-6-hy- 
droxynicotinic acid by both whole cells and extracts indicate that these 
compounds can be converted to fluorinated analogues of the aliphatic in- 
termediary metabolites normally produced during the oxidation of nico- 
tinic acid. The metabolic fates of the individual carbon atoms of nicotinic 
acid are known (2); the carbon atom in position 5 eventually becomes the 
B-carbon atom of pyruvate and the 2-carbon atom of acetate. The oxida- 
tion of 5-fluoronicotinic acid should, therefore, eventually yield fluoroace- 
tate. At this point, a serious derangement of intermediary metabolism 
can be expected to occur. As shown by Peters and his collaborators (5), 
the condensation of fluoroacetate and oxalacetate to fluorocitrate blocks 
the operation of the tricarboxylic acid cycle, and thus prevents terminal 
oxidation. We have found that the oxidation of 5-fluoronicotinic acid 
by whole cells of P. fluorescens results in the accumulation of two acids 
chromatographically indistinguishable from acetic acid and citric acid. 
These two acids are presumably the fluoro acids, which cannot be differen- 
tiated by chromatography from the unsubstituted acids (4). Unfortu- 
nately, the small amount of 5-fluoronicotinic acid at out disposal precluded 
the accumulation of these acids in amounts sufficient for fluorine analyses. 
The “lethal synthesis” of fluorocitrate would also explain the failure of 
5-fluoronicotinic acid to support growth, despite its ready oxidizability. 

If the metabolic behavior of 5-fluoronicotinic acid provides a reliable 
indication, fluorinated substrates may prove of considerable value in the 
study of intermediary metabolism. Such compounds should be readily 
attacked by enzymes which act normally on the unsubstituted compounds, 
provided that the position of the substitution is not directly involved in 
the enzyme-catalyzed reaction. Consequently, dissimilation should result 
-n the formation of a fluorine-substituted intermediate which cannot be 
further metabolized because the site of enzyme action is blocked by the 
fluorine atom. If the dissimilation results in the eventual formation of 
fluoroacetate, the entire process of terminal respiration will be blocked by 
the synthesis of fluorocitrate. 


SUMMARY 


The bacterial oxidation of halogenated derivatives of nicotinic acid has 
been reinvestigated. 5-Fluoro- and 5-chloronicotinic acids can be oxidized 
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by Pseudomonas fluorescens after induction in the cells of the enzyme sys- 
tem which oxidizes nicotinic acid. The particulate fraction from induced 
cells can convert 5-fluoronicotinic acid in good yield to a previously unde- 
scribed fluoro compound, 5-fluoro-6-hydroxynicotinic acid. This new acid 
is readily oxidized, both by whole cells and by the soluble fraction of cell- 
free extracts. The oxidation of 5-fluoronicotiniec acid by cells results in 
the accumulation of two acids, chromatographically indistinguishable from 
acetic and citric acids. 

These observations can be satisfactorily interpreted by the assumption 
that 5-fluoronicotinic acid is converted enzymatically to fluoroacetic acid, 
which is then condensed to fluorocitric acid, with a resulting blockage of 
terminal respiration. 
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POTASSIUM BINDING AND OXIDATIVE PHOSPHORYLATION 
IN MITOCHONDRIA AND MITOCHONDRIAL FRAGMENTS* 
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School of Medicine, Baltimore, Maryland) 


(Received for publication, April 15, 1957) 


The participation of mitochondria in processes of active transport has 
been suggested by MacFarlane and Spencer (1), Spector (2), and Bartley 
and Davies (3), who demonstrated that mitochondria can establish con- 
centration gradients for various electrolytes when oxidation and _ phos- 
phorylation are occurring. Furthermore, Stanbury and Mudge (4) ob- 
served in mitochondria a bound form of potassium which exchanges with 
ambient potassium but is not displaced by sodium. Their findings have 
revealed characteristics of specificity and reversibility which are requisite 
for a potassium carrier in a system of active transport. 

In the investigations reported here, the relationship of potassium bind- 
ing to mitochondrial structure, to oxidation, and to phosphorylation has 
been studied. In work with “intact mitochondria,” it was found that the 
capacity to bind potassium is closely related to the integrity of the mito- 
chondrial structure. For example, agents that produce swelling and 
consequent loss of the capability for coupled phosphorylation were found 
to exert a concomitant inactivating effect upon the binding capacity. 
However, intact mitochrondrial structure is not an absolute requirement. 
As reported recently by Cooper and Lehninger (5), subfragments can be 
obtained from digitonin extracts of mitochondria that retain the capacities 
for catalyzing oxidation and phosphorylation. In the experiments re- 
ported here it has been found that these ‘digitonin fragments” will also 
bind potassium, and that certain characteristics of this binding reaction 
are affected by activity of the electron transport system. Evidence is 
presented which suggests a relationship between the potassium-binding 
site and the components of the coupling mechanism of oxidative phos- 
phorylation. 

Methods 


Mitochondria were isolated from 0.25 m sucrose homogenates of livers 
of rats which had been fasted for 24 hours, and were washed three times 
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with 0.25 mM sucrose. Phosphorylating subfragments, hereafter designated 
as ‘‘digitonin fragments,”? were prepared according to the following pro- 
cedure. After a determination was made of the wet weight of sedimented, 
three times washed mitochondria from 30 to 40 gm. of rat liver, the mito- 
chondria were brought to an even suspension by being mixed with 3 times 
their weight of ice-cold 1 per cent digitonin (Fischer, recrystallized). After 
a period of 15 minutes at 0°, the suspensions were diluted 3-fold with 0.25 
M sucrose, were mixed, and centrifuged at 25,000 X g. The supernatant 
fluid and the partially sedimented gel above the firmly packed sediment 
were then decanted and centrifuged at 100,000 X g at 0°. The centrifuge 
tubes were allowed to drain and the sedimented gel was carefully taken 
up in a convenient volume of 0.25 m sucrose added dropwise, with mixing, 
to produce a homogeneous, opalescent suspension of the mitochondrial 
fragments. The preliminary centrifugation was carried out at 25,000 X g 
instead of the 75,000 X g stipulated previously (5) in order to obtain a 
larger yield of the enzymatically active material and to simplify the deter- 
mination of the bound potassium. The activity of all preparations in 
regard to oxidation of BOH! with coupled phosphorylation was checked 
by the isotopic method described by Nielsen and Lehninger (6). 

Standard Procedures—-The general plan of the experiments was as fol- 
lows. Intact mitochondria or the digitonin fragments of mitochondria 
were incubated for standard periods at 23° in 10 ml. of 0.25 m sucrose 
buffered with Tris (0.005 m, pH 7.4) in the presence of potassium and 
various additions as shown in Figs. 1 to 7. After the incubation with 
the potassium-containing medium, the intact mitochondria or the digi- 
tonin fragments were recovered from the medium by centrifugation at 0°. 
Intact mitochondria were sedimented from the medium at 10,000 X g 
for 5 minutes; the digitonin fragments, on the other hand, were recovered 
at 100,000 * g for 20 minutes. The supernatant medium was decanted 
as completely as possible and the pellets were resuspended carefully and 
washed twice at 0° with 0.25 m sucrose-0.005 m Tris, pH 7.4, to remove 
adhering “unbound” potassium originating from the incubation medium. 
It is noted that the period of time required for recovery and washing, dur- 
ing which potassium exchange was presumably continuously taking place, 
was relatively long compared to the periods of incubation. In the experi- 
ments with the digitonin fragments, 30 minutes elapsed between the initi- 
ation of the centrifugation and the suspension in the first wash solution. 
In those experiments with the intact mitochondria, the same procedure 
could be carried out in approximately one-third of this time. The washing 

1 Abbreviations: BOH, B-hydroxybutyrate; ATP, adenosine triphosphate; ADP, 


adenosine diphosphate; DNP, 2,4-dinitrophenol; CN, cyanide; DPN, diphosphopy- 
ridine nucleotide; P, inorganic phosphate; Tris, tris(hydroxymethyl)aminomethane. 
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procedure removed the potassium of the incubation medium with remark- 
able efficiency. As estimated from measurements of the potassium content 
of the final supernatant fluid above the washed pellet, the maximal amount 
of unbound potassium which remained in the fluid interspersed among 
the particles was less than 0.5 per cent of that bound to them. 

In experiments with intact mitochondria, the mitochondria derived 
from 0.5 gm. of whole rat liver (about 1.0 mg. of nitrogen) were suspended 
in the standard 10 ml. incubation medium. After recovery and washing, 
such an aliquot of mitochondria contained about 1 umole of bound potas- 
sium. Similar samples of the washed digitonin fragments contained 0.15 
to 0.30 mg. of total nitrogen, equivalent to 20 to 40 mumoles of bound 
potassium. , 

Determinations of total potassium were made directly on homogeneous 
suspensions of the intact mitochondria and digitonin fragments in water 
with the Beckman direct reading flame spectrophotometer (model DU). 
The amounts of K* added to individual 10.0 ml. of reaction media contain- 
ing intact mitochondria and digitonin fragments were 0.2 and 8.0 uc., 
respectively. K* activity was measured in a well type y-sensitive scin- 
tillation counter equipped with a Harshaw sodium iodide crystal. Nitro- 
gen was measured by the micro-Kjeldahl procedure. 


Results 


Potassium and Sodium Content of Mitochondria, Mitochondrial Frag- 
ments, and Microsomes—To provide a base-line for the experiments below, 
the quantities of bound potassium and sodium present in freshly prepared, 
unincubated intact mitochondria and digitonin fragments were first deter- 
mined. These preparations were washed three times with electrolyte-free 
0.25 m sucrose before analysis. The sodium and potassium contents are 
given in Table I as K:N or Na:N ratios (micromoles of potassium or 
sodium per mg. of total nitrogen). It is seen that the intact mitochondria 
and the digitonin fragments of mitochondria contain significant quantities 
of bound potassium but very little bound sodium. Of particular impor- 
tance is the finding that the fragments prepared by the digitonin method 
were found to contain approximately 20 times as much potassium per mg. 
of nitrogen as was observed in the particles prepared by a procedure em- 
ploying mechanical means to disrupt the mitochondria. Previous com- 
munications from this laboratory (5, 7) have shown that both types of 
particles are capable of catalyzing electron transport but only the digi- 
tonin fragments contain the ancillary enzymes required for coupled phos- 
phorylation. This correlation, in conjunction with other data of this 
report, is indicative of a relationship between potassium binding and oxi- 
dative phosphorylation. The small amounts of potassium and sodium 
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retained by microsomes, which do not catalyze oxidative phosphorylation, 
were roughly equivalent. 

Expressed on a basis of weight, the retained bound potassium of washed 
intact mitochondria amounted to 22 wmoles for each gm. of wet weight of 
pellet. If, as is indicated from experiments with I'*'-labeled albumin 
(8), the interparticle water space is approximately 20 per cent of the pellet 
weight, the corrected value for the retained potassium is 27 umoles per gm. 
of mitochondria. 

Stability of Potasstum-Binding Site during Incubation; Effect of Ortho- 
phosphate—Although the intact mitochondria and the digitonin fragments 


TABLE I 


Potassium and Sodium Content of Washed Mitochondria, Mitochondrial 
Fragments, and Microsomes 


| | Ability to cata- 

Particle K:N Na:N lyze oxidative 

‘phosphorylation 
Intact mitochondria....................... 0.7-1.0 0.02-0.04 | + 
Mitochondrial fragments (digitonin method)., 0.08-0.15 | 0.01-0.02 + 

(mechanical | 


K:N or Na:N ratios refer to micromoles of potassium or sodium per mg. of nitro- 
gen. All particles were washed three times with electrolyte-free 0.25 mM sucrose 
before analysis. ‘‘Mitochondrial fragments (digitonin method)’’ refers to the digi- 
tonin fragments, the preparation of which is described in the text. ‘‘Mitochondrial 
fragments (mechanical method)’’ were prepared as described in a previous report 


(7). 


were incubated under a variety of circumstances, net gains in the total 
quantity of bound potassium were never found to occur. Rather, it was 
observed that losses occurred during incubation and that the rate of loss 
was sensitive to the conditions of incubation. In one experiment, in which 
intact mitochondria were incubated in 0.25 M sucrose at 23° without other 
additions, 40 per cent of the potassium was lost in 30 minutes; after 5 
hours, less than 5 per cent of the initial amount remained bound. If incu- 
bations were carried out at 0° or if 0.1 m KCl was present in addition to 
the sucrose at 23°, 2 to 4 hours were required to produce a 50 per cent 
decrease in the bound potassium. Qualitatively similar effects were ob- 
served with the digitonin fragments, although the loss of bound potassium 
during incubation occurred at a rate that was approximately one-half as 
fast. The presence of 0.25 m sucrose in the reaction medium was essential 
with intact mitochondria, for the swelling and disruption that occur in 
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hypotonic media are accompanied by total loss of bound potassium. The 
presence of sucrose was also found to have a stabilizing effect on the digi- 
tonin fragments. Its omission from the washing solutions was accompanied 
by a 40 to 60 per cent decrease in the quantity of retained potassium. 

The effects of adding other reagents, particularly those concerned with 
oxidative phosphorylation, are shown in Fig. 1. With intact mitochondria, 


23°C 
INTACT MITOCHONDRIA 
K 
— O5F 
IL 
DIGITONIN FRAGMENTS 
K 
p p p p 
BOH BOH #~BOH BOH 
ADP ADP ADP 


DNP 

Fic. 1. Maintenance of bound potassium by intact mitochondria and by digitonin 
fragments. K:N ratio refers to micromoles of potassium per mg. of nitrogen. The 
intact mitochondria (1 mg. of nitrogen) were incubated for 30 minutes at 23° in 10 
ml. of 0.25 m sucrose buffered with Tris, 0.005 mM, pH 7.4. The potassium concentra- 
tion in the medium was 0.01 m. The concentrations of the other reagents were as 
follows: sodium phosphate buffer, 0.003 mM; sodium 8-hydroxybutyrate, 0.003 mM; so- 
dium adenosine diphosphate, 0.002 mM; sodium 2,4-dinitrophenol, 5 X 10-5 Mm. The 
digitonin fragments (0.25 mg. of nitrogen) were incubated for 60 minutes. Other- 
wise the conditions and reagent concentrations were the same. See the text for the 
methods used to separate the particles from the incubation media. 


the most dramatic effect was that observed when phosphate was added; 
in agreement with other reports (4, 9), there was a pronounced decrease 
in the amount of potassium retained. In addition, clarification of the 
suspension was obvious, and the pellets exhibited increased translucence 
and a 2- or 3-fold increase in volume. These observations are presumed 
to be due to the swelling reaction that occurs in media containing phosphate 
(10, 11). The addition of BOH, an oxidizable substrate, did not prevent 
this action of phosphate, but, when BOH and ADP were both present in 
the medium, phosphate no longer discharged bound potassium, and swell- 
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ing of the mitochondria was also greatly diminished. Under the experi- 
mental conditions used, the loss of potassium was prevented to an inter- 
mediate degree when ATP or ADP was added in the absence of substrate. 
The potassium retention observed when both ADP and BOH were present 
and the loss of this retention when DNP was added (last column) strongly 
imply that oxidative phosphorylation plays an important role in prevent- 
ing the action of phosphate upon the discharge of bound potassium from 
the intact mitochondria. 

In the experiments with the digitonin fragments the effect of phosphate 
is absent. The most dramatic finding is the apparent protection or stabi- 
lization afforded by the addition of BOH as oxidizable substrate. In con- 


+0c—>|< 23C > 
DIGITONIN FRAGMENTS 
K 
0.0 BOH ADP CN DNP BOH BOH BOH BOH 
Pp ADP CN DNP 
Pp 


Fic. 2. Maintenance of bound potassium in mitochondrial fragments. Samples 
were incubated for 60 minutes. The conditions and reagent concentrations are de- 
scribed under Fig. 1. The concentration of sodium cyanide was 10-3 m. 


trast to the findings with the intact mitochondria, the presence of ADP 
does not appear to be required for this stabilization. The absence of an 
inactivating effect of phosphate on potassium binding in the digitonin 
fragments coincides with the observations of Cooper and Lehninger (5) 
on the inability of phosphate to inactivate oxidative phosphorylation in 
such preparations. 

Effect of Oxidation on Stability of Potassium-Binding Site—Data sum- 
marized in Fig. 2 indicate again that the presence of 6-hydroxybutyrate 
as the oxidizable substrate enhances the stability of the potassium-binding 
site of the digitonin fragments. This increased stability is eliminated 
when cyanide is added to inhibit respiration. Of particular interest is 
the finding that, although phosphate and ADP, reactants in oxidative 
phosphorylation, are apparently not involved in this stabilization, the 
effect of the presence of 6B-hydroxybutyrate is abolished by DNP, the 
classical uncoupler of oxidative phosphorylation. These experiments 


Specific Activity Ratio 
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were carried out in air, and oxygen uptake was always associated with the 
presence of 6-hydroxybutyrate. 

Kinetics of Potassium Exchange Reaction—The preceding studies have 
dealt with the amount of bound potassium and the integrity of the binding 
site as measured by determinations of total bound potassium. The follow- 


A {kCiJ= 0,016 M 

B  [Naci] + [KCI]- 0.016 M 
0.9 
oO 
ea 

INTACT MITOCHONDRIA > DIGITONIN 

© 
L 

INTACT 

MITOCHONDRIA 
0.0! 0,02 
Minutes Incubation M KCl 
Fia. 3 Fic. 4 


Fic. 3. Potassium exchange reaction. Unlabeled mitochondria were incubated 
under standard conditions (see the section on methods) in the presence of K4?-labeled 
KCI (0.001 m, 0.01 m, and 0.1 m) and BOH, 0.003 m. The ratio of the specific activity 
of the washed mitochondria to that of the potassium in the medium (specific activity 
ratio) is plotted with reference to the time of incubation. 

Fic. 4. Potassium exchange reaction. Unlabeled particles were incubated under 
standard conditions in media containing labeled potassium at the concentrations 
indicated on the abscissa. The final ratio of the specific activity of the washed par- 
ticles to that of the media (specific activity ratio) is recorded with reference to the 
concentration of KCl. The incubation period was 10 minutes. The media of the 
experiments summarized by Curves A contained no added sodium. Those of the ex- 
periments summarized by Curves B contained sodium in concentrations such that 
the sum of the concentrations of NaCl and KCI equaled 0.016 m. 


ing experiments, in which the potassium of the medium was labeled with 
radioactive K®”, deal with the turnover of potassium at the binding site. 
In Fig. 3 the specific activity of the bound potassium of the intact mito- 
chondria is compared with that of the medium, and the approach to equi- 
librium is plotted with reference to time at three different concentrations 
of potassium. The data show that, at low concentrations of total potas- 
sium in the medium, the turnover rate of the bound potassium is relatively 
slow and at only the highest concentration, 0.1 Mm KCI, does the value of 
the specific activity ratio indicate a close approach to equilibrium between 
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bound and free potassium. The single exponential relationship indicated 
suggests a considerable degree of homogeneity with respect to rates of 
exchange at the binding sites. During the 60 minute incubation period 
in these experiments some losses of bound potassium were observed, be- 
tween 11 and 23 per cent. It is emphasized again that in these experi- 
ments and in those of Figs. 1 and 2 total bound potassium does not increase 
during reaction periods. 

Because of the 30 minute period required to remove the digitonin frag- 
ments from the medium, it was not possible to obtain accurate time curves 
with this material. 

The exchangeability of this bound fraction of mitochondrial potassium 
was first described by Stanbury and Mudge (4), and their findings are 
confirmed by those reported here. A somewhat different picture has been 
presented by Bartley and Davies (3), who observed a rapid type of ex- 
change reaction in which equilibration was apparently complete in 2 min- 
utes. In their experiments the mitochondria were sedimented from solu- 
tions of 0.1 m KCl, and the K® activity of the pellets was determined 
directly without washing. It is suggested that mitochondrial potassium 
under in vitro conditions occurs in two forms; the tightly bound portion 
studied here, which is not removed by several washes, and a loosely bound 
form, the concentration of which is determined largely by that of the sus- 
pending media. This concept is supported by the recent findings of Werk- 
heiser and Bartley (12), who observed that the potassium concentration 
of unwashed mitochondrial pellets could be raised by adding KCl to the 
suspending medium, but that the difference between internal and external 
potassium remained relatively constant. Presumably this difference is a 
measure of the quantity of the tightly bound potassium. In the experi- 
ments of Bartley and Davies, the mitochondrial pellets were found to 
contain 130 m.eq. of potassium per kilo, and it is suggested that this large 
quantity of potassium is chiefly of a loosely bound, rapidly exchangeable 
form and that the exchange characteristics of the smaller amount of the 
tightly bound potassium, 20 to 30 m.eq. per kilo, were largely obscured in 
their studies. 

In the experiments of Fig. 4+, observations were made on the rates of 
the potassium exchange reaction, two quite different types of preparations, 
the digitonin fragments and the intact mitochondria, being compared. 
The ratio of the specific activity of the potassium bound by the separate - 
preparations to that of the potassium of the medium is plotted with refer- 
ence to the ambient potassium concentration. The higher specific activ- 
ities observed in the digitonin fragments were probably caused by the 
fact that, due to the technical limitations of the washing procedure, these 
particles were immersed in the potassium-containing incubation medium 
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for a total period that was twice as long as that required for the intact 
mitochondria. The curves from the two different preparations, however, 
show definite qualitative similarities. Initially the rate appears to in- 
crease almost in proportion to the potassium concentration, but at the 
higher concentrations of ambient potassium there is a saturation effect 
upon the exchange mechanism. It appears that the difference between 
the data obtained from the two preparations is not sufficiently great to 
justify assigning to the mitochondrial membrane a major role as a deter- 
minant of the rate of exchange between the potassium of the medium and 
that located at the binding sites. 

The presence of sodium inhibits the rate of the potassium exchange 
reaction. In the experiments with intact mitochondria, which were car- 
ried out at 0.002 m KCl, the specific activity of bound potassium was de- 
creased 38 per cent in the presence of 0.014 m NaCl. The amount of 
sodium retained by each of the mitochondrial samples of the experiments 
of Fig. 4 was small (20 to 22 mumoles), and this quantity was not percep- 
tibly influenced by the presence or absence of sodium in the incubation 
media. Inhibition of the potassium exchange rate by sodium does not 
appear to be associated with actual replacement of potassium by sodium 
at the acceptor site. 

The remainder of this report is concerned with the rate of turnover of 
the bound potassium of intact mitochondria and of digitonin fragments. 
These experiments have all been carried out in reaction media containing 
0.001 m KCl and 0.25 m sucrose with incubation periods of less than 15 
minutes. Under these conditions the rate is relatively slow and the ratio 
of the specific activity of the particle to that of the medium is less than 
0.1 in the control sample. Hence there is little loss of freshly bound radio- 
active potassium back to the medium, and the specific activity obtained 
ir a given time is closely proportional to the rate of the exchange reaction. 
It is assumed that there is no net formation of binding sites during incuba- 
tion, since no gain in total potassium has been demonstrated. 

Effects of Various Agents on Stability of Potassium-Binding Site and on 
Rate of Exchange Reaction—Experiments comparing the effects of certain 
reagents on both the stability of bound potassium and the rate of the potas- 
sium exchange reaction were carried out next with intact mitochondria 
in the absence of 6-hydroxybutyrate. The results (Fig. 5) indicate that 
at pH 8.7 the quantity of total potassium remained the same but that the 
rate of the exchange reaction doubled, compared to the control sample 
incubated at pH 7.4. It is seen that certain agents, for example sodium 
chloride, magnesium chloride, and sodium cyanide, brought about a rela- 
tively greater change of the exchange rate than of the total quantity of 
bound potassium, and that DNP, on the other hand, in this study pro- 
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duced a marked lowering of the total potassium and little if any change in 
the rate of the potassium exchange. The striking results obtained with 
HgCl., showing a 5-fold increase in the exchange rate, is of particular 
interest because of the known effect of Hg++ upon sulfhydryl groups and 
the action of mercury as a diuretic agent. A comparable stimulation 
was also observed in the presence of a freshly prepared solution of p-chloro- 


INTACT MITOCHONDRIA 


2|x 


CONTROL pH.8.7 NaCl MgClo HgClo NaCN ONP 


Fic. 5. Effects of various reagents on the maintenance of bound potassium and 
on the potassium exchange reaction. Suspensions of intact mitochondria were in- 
cubated under standard conditions for 15 minutes in 0.001 Mm KCl labeled with K*. 
The concentrations of the individual additions listed were NaCl, 0.1 mM; MgCle, 0.03 
M; HgCl2, DNP, 5 X 10-5'm; CN, 10-3 m. The results are presented on a rela- 
tive basis. The heights of the open columns are proportional to the total bound 
potassium (K:N ratio of the control sample, 0.83 wmole per mg. of nitrogen). The 
solid columns refer to the specific activity (control of washed particles, 380 c.p.m. 
per micromole of potassium; media of this study, 5800 c.p.m. per micromole of po- 
tassium). 


mercuribenzoate (3 X 10-5 m),’ but iodosobenzoate (3 & 10-5 m)” produced 
findings similar to those shown for DNP. 

Effect of Oxidation on Rate of Potassium Exchange Reaction—The effect 
of compounds concerned with oxidative phosphorylation on the rate of 
the potassium exchange reaction of digitonin fragments is shown in Fig. 6. 
The specific activity of the bound potassium was measured in the presence 
of the same reagents or combination of reagents used for the experiments 
of Fig. 2. A marked qualitative similarity in results is apparent. Whereas 


2? These compounds were kindly supplied by Dr. L. Hellerman. 
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the data of Fig. 2 demonstrate a protection or stabilization of bound potas- 
sium during respiration in the presence of added BOH, in this experiment 
the respiration was found to have a stimulatory effect upon the rate of 
exchange. In both types of experiments the effects produced by adding 
oxidizable substrate were abolished by cyanide, and the presence or absence 
of ADP and P appeared to be of relatively minor importance. The some- 
what lower exchange rates observed in the presence of ADP and P is thought 
to be due to the increased sodium in the medium, since these substances 
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Fic. 6. Effects of varying conditions upon the potassium exchange rate of digi- 
tonin fragments. Samples were incubated for 10 minutes in 0.001 m KCl labeled 
with K* (95 c.p.m. per mumole). The concentrations of the other reagents were 
the same as those reported with Figs. 1 and 2. The heights of the columns are pro- 
portional to the specific activity of the potassium of the washed fragments. In 
absolute terms, the specific activity of the washed particles incubated in the cold 
without BOH was 8.5 c.p.m. per mymole. 


were added as sodium salts. In both series of experiments DNP completely 
nullified the effect of the respiratory activity. In other studies, the stimu- 
latory effect of BOH oxidation was similarly abolished in the presence of 
gramicidin (6 y per ml.), dicoumarol (5 X 10-5 m), and methylene blue 
(5 X 10-5m). These agents have been shown to uncouple oxidative phos- 
phorylation catalyzed by the digitonin fragments (5). 

As shown, the exchange of potassium measured at 0° was found to occur 
at 40 to 60 per cent of the rate at 23°. 

BOH has been used throughout this study as the oxidizable substrate. 
In the digitonin fragments, oxidation of BOH under appropriate conditions 
is accompanied by phosphorylation with P:O ratios approaching 3 (5). 
Succinate is also rapidly oxidized by this preparation but the phosphoryla- 
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tion has been found to be relatively inefficient with P:O ratios of less than 
1.0." Correspondingly, if succinate was substituted for BOH in the pres- 
ent experiments, the rate of the potassium exchange was stimulated, but 
only by 20 to 40 per cent. Oxidation of malate occurs in the presence of 
added DPN (7), but this oxidation has been found to be unaccompanied 
either by phosphorylation or by an effect on the potassium exchange re- 
action. 

In experiments with intact mitochondria, the effects of adding BOH or 
succinate on the stability of the binding site and on the rate of the potas- 
sium exchange reaction could be observed, but quantitatively the changes 
were considerably smaller, as might be expected, since the intact mito- 
chondria have a significant endogenous respiration. No increased stabili- 
zation or stimulation of the potassium exchange rate was observed when 
these substrates were added in the presence of DNP or cyanide. 

Effect of Varying Ambient Sucrose Concentration—In experiments with 
the digitonin fragments, both the rate of the potassium exchange reaction 
and the stability of the binding site were found to be affected by variations 
of the ambient sucrose concentration. As shown by the data of Fig. 7, 
the stimulation of the exchange reaction produced by respiratory activity 
was less pronounced in the absence of sucrose than in 0.25 M sucrose. Rais- 
ing the concentration to 0.5 m brought about no further change. DNP 
abolished the effect of respiration at all concentrations. As indicated by 
the K:N ratios, the presence of sucrose confers increased stability to the 
potassium-binding site. ‘The measurements of incorporation of P*?-labeled 
phosphate into ATP indicate a marked inhibition of phosphorylation in 
0.5 mM sucrose, confirming earlier observations of Cooper and Lehninger 
(13). It is of considerable interest to note that, although both DNP and 
hypertonic sucrose inhibit oxidative phosphorylation, only DNP blocked 
the stimulatory effect of respiration on the exchange reaction. 

Specificity of Binding—The data of Fig. 1 indicate retention of trace 
amounts of bound sodium by the intact mitochondria and by the mito- 
chondrial fragments prepared by the digitonin method. In addition, it 
is seen that comparably small amounts of potassium were retained through 
the washing procedures by microsomes and by fragments prepared by the 
mechanical method. These quantities are greater by a factor of at least 
20 than can be accounted for by adhering washing solution. When K” 
was added to the incubation medium, accumulation of bound radioactivity 
by microsomes and the non-phosphorylating, mechanically prepared mito- 
chondrial fragments was measurable. However, the presence of 6-hy- 
droxybutyrate did not stimulate K*® uptake in these particles. The unique 
features of the binding sites of the intact mitochondria and of the digitonin 


3’ Cooper, C., Mildvan, A., and Greville, C. D., unpublished observations. 
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fragments are the high specificity for potassium as compared with sodium 
and the effects of electron transport or respiration on the stability of the 
binding site and the rate of the exchange reaction. This specificity is 
defined by the measurements of the relative amounts of potassium and 


DIGITONIN FRAGMENTS 


ATP 
SPECIFIC ACTIVITY SYNTHESIS 


2|~ 


— 


0.00 M 
SUCROSE 


% 


0.25 M 
SUCROSE J 
= 
_0.50 M a 
SUCROSE 
— — 


CONTROL BOH 


Fic. 7. Effects of variations of the peal sucrose concentration on the potassium 
exchange rate, maintenance of total potassium, and oxidative phosphorylation as 
observed with the digitonin fragments. Preparations were incubated for 20 minutes. 
The concentrations of the reagents were as follows; KCI, 0.001 am; BOH, 0.003 m; DNP, 
5X 10-5. A unit on the ordinate refers to, respectively, a specific activity of 10 
c.p.m. per mumole of potassium, a K:N ratio of 0.025, an ATP synthesis of 100 
mumoles. The specific activity of the potassium of the medium was 85 c.p.m. per 
mumole of potassium. The K:N ratios are average values at each concentration of 
sucrose. At a given concentration of sucrose, the K:N ratios of the samples con- 
taining BOH alone were 10 to 20 per cent higher than the control sample or the sam- 
ple with BOH and DNP. An isotope method was used to determine ATP synthesis 
(6). For this procedure, aliquots of the experimental media containing BOH were 
incubated with ADP and labeled phosphate. 


sodium that are bound to the intact mitochondria and to the digitonin 
fragments. As seen in Table I, the ratio favors potassium by approxi- 
mately 30:1 in the intact mitochondria and by at least 10:1 in the digi- 
tonin fragments. Preliminary experiments indicate that respiratory activ- 
ity will stimulate the exchange rate of the trace amounts of bound sodium 
of the digitonin fragments. Available evidence does not support a con- 
clusion as to whether the sites for sodium and potassium are separate or 
whether there is a common site with a relative specificity for potassium. 
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DISCUSSION 


The findings of this report and those presented earlier by Stanbury and 
Mudge (4) in regard to the physical properties of a potassium-binding 
site of liver mitochondria can be summarized as follows. <A significant 
quantity of mitochondrial potassium is present in a tightly bound form 
that is not removed or displaced by several washings with 0.25 m sucrose 
or with 0.15 m NaCl. Sodium on the other hand is almost completely 
removed by such washing procedures. As a measure of the specificity 
of binding, three times washed, freshly prepared mitochondria were found 
here to contain approximately 30 times as much potassium as sodium. 
On an absolute basis this bound potassium amounts to 27 m.eq. per kilo 
of mitochondria. Although potassium remains bound in potassium-free 
solutions, an exchange with ambient potassium is readily demonstrable 
with radiopotassium. Findings reported here are indicative of a consid- 
erable degree of homogeneity in regard to the rates of this exchange re- 
action. Despite the fact that the mitochondria, as isolated from liver by 
conventional techniques, must be considered to have been rather hetero- 
geneous, both with respect to size and to enzymatic properties (14, 15), 
studies of the kinetics of the potassium exchange did not reveal evidence 
of separate types of binding sites differing distinctly with respect to ex- 
change rates or accessibility. 

Of particular importance in the present study is the finding that the 
digitonin fragments, which are capable of both oxidation and phosphoryl- 
ation, also have the capacity to bind potassium. The enzymatic activity 
of these fragments has been reviewed in previous communications (5, 7). 
For this discussion they are considered to be both functional and structural 
subunits of the parent mitochondria. The question as to whether these 
particles are vesicular or solid cannot be definitively answered at this 
time (16), but the fact that they do bind potassium suggests a reevalua- 
tion of the role of the mitochondrial membrane in the phenomenon con- 
sidered here. It has been suggested above that mitochondrial potassium 
exists in two forms, loosely and tightly bound fractions. It is considered 
that the mitochondrial membrane, which exhibits permeability for sucrose 
(8) and inulin (3) and which allows rapid equilibration of potassium when 
incubated in 0.1 m KCl (3), is unable to retain the loosely bound fraction 
during washing procedures in potassium-free solutions, and that the po- 
tassium retained by the intact mitochondria through the washing pro- 
cedures is tightly bound to acceptor sites located on the structural elements 
of the mitochondria, such as the membrane or cristae. The digitonin 
fragments may then represent chemically dissected structural subunits 
on which the potassium-binding site remains intact. This concept is 
supported by the findings that the properties of the exchange reaction 
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are quite similar whether studied with intact mitochondria or with digi- 
tonin fragments. : 

Relationship between the enzymatic activities of the particles and the 
characteristics of the potassium binding is of especial importance; particu- 
lar interest centers around a possible relation to oxidative phosphorylation. 
According to the data of Table I, only the intact mitochondria and the 
digitonin fragments, the two particles that contain the potentiality for 
coupled phosphorylation, evince the specificity for potassium with refer- 
ence to sodium. Further considerations indicate the importance of not 
only the presence of the components necessary for oxidative phosphoryla- 
tion but also of the activity itself. 

In mitochondria, both oxidative phosphorylation and the capacity for 
binding potassium appear to require a certain degree of structural intact- 
ness. The potentiality for both functions is rapidly lost if intact mito- 
chondria are incubated at 23° in the presence of phosphate, conditions 
that produce marked swelling of mitochondria. However, when respira- 
tion occurs in the presence of ADP, a steady synthesis of ATP is carried 
out which antagonizes or prevents the swelling induced by phosphate, and 
potassium binding is retained. Under the experimental conditions used, 
ATP alone was less effective than the combination of BOH and ADP in 
overcoming the effect of added phosphate. 

In experiments with the digitonin fragments it has been possible to 
study potassium binding and oxidative phosphorylation in the absence of 
certain of the complicating interactions encountered in the intact mito- 
chondria. For example, the disruptive effect of phosphate on the potas- 
sium binding and on oxidative phosphorylation in mitochondria is pre- 
sumably secondary to an action on the membrane, and these effects are 
not observed in experiments with the digitonin fragments. Studies with 
the digitonin fragments have revealed an interesting interrelationship 
between the potassium-binding site and the electron transport system. 
The data of Figs. 2 and 6 indicate that respiratory activity enhances the 
stability of the potassium-binding site and stimulates the rate of the potas- 
sium exchange at the site. Although these effects could be nullified by 
DNP and by other uncouplers of oxidative phosphorylation, the results 
were approximately the same whether or not ADP and phosphate were 
added and whether or not the formation of ATP was inhibited in hyper- 
tonic sucrose. Thus, in contrast to the findings with the intact. mitochon- 
dria, the actual synthesis of ATP did not appear to be involved in main- 
taining the binding site. DNP in these experiments may be blocking an 
independent connecting link between electron transport and the binding 
site. On the other hand, the correlation from data presently available 
(Table I and Fig. 1) between the capacities for binding potassium and for 
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carrying out oxidative phosphorylation indicates involvement of compo- 
nents of this latter process. 

As proposed by Slater (17) and by Lehninger (18), the mechanism of 
oxidative phosphorylation may involve participation of an intermediate 
compound which, in the presence of oxidative activity, can be induced by 
interaction with the carriers of the electron transport system to form a 
“high energy”? bond with inorganic phosphate. The final step of the 
process is the transfer of phosphate to ADP. The results obtained in the 
present investigation can be rationalized in terms of this scheme by assum- 
ing that the characteristics of the potassium binding are dependent upon 
the dynamic state of this intermediate compound. The dynamic state, 
in turn, is determined by activity of the electron transport system and is 
assumed to be sensitive to the action of DNP. The final step in oxidative 
phosphorylation, the actual transfer of phosphate to ADP, has not been 
demonstrated in the present work to be directly related to the potassium- 
binding phenomenon. Hypertonic sucrose does not appear to affect the 
linkage between respiration and potassium binding, whereas it does inhibit 
phosphorylation, presumably by an action on the terminal phosphotrans- 
ferase as suggested by Cooper and Lehninger (19). 


SUMMARY 


Relationships between potassium binding and oxidative phosphorylation 
have been observed in intact mitochondria and in mitochondrial fragments. 
In the case of the intact mitochondria, evidence that the two processes 
are linked derives primarily from consideration of a common dependence 
of these functions upon relative intactness of the mitochondrial structure. 

Experiments have also been carried out which employ a preparation of 
smaller particle size derived from mitochondria that have been disrupted 
with digitonin. These mitochondrial fragments, which catalyze phos- 
phorylation, also retain the capacity to bind potassium. Respiration via 
the cytochrome system has been found to preserve bound potassium and 
to increase the rate of its exchange with radiopotassium of the medium. 
These effects did not appear to be dependent upon the presence of adeno- 
sine triphosphate or its active synthesis, but were abolished by 2, 4-dinitro- 
phenol. The probability of an association between the potassium-binding 
site and the enzymes responsible for coupling oxidation to phosphorylation 


is discussed. 
The author is indebted to Dr. A. L. Lehninger and Dr. F. P. Chinard 


for advice and support received during the course of this work. 
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SPECIES VARIATION IN THE METABOLISM 
OF 3-HYDROXYANTHRANILATE TO 
PYRIDINECARBOXYLIC ACIDS* 


By R. J. SUHADOLNIK,t C. O. STEVENS,f R. H. DECKER, 
L. M. HENDERSON,f anv L. V. HANKES 
(From the Division of Biochemistry, Department of Chemistry and Chemical 
Engineering, University of Illinois, Urbana, Illinois, and the Division 
of Biochemistry, Medical Department, Brookhaven National 
Laboratory, Upton, New York) 


(Received for publication, May 13, 1957) 


The establishment of 3-hydroxyanthranilate (8-OHAA) as an interme- 
diate in the conversion of tryptophan to niacin or its biological equivalent 
in Neurospora (1, 2) has led to findings (3-5) which indicate that this com- 
pound serves a similar role in animals. Much effort to establish the details 
of the individual reactions involved has centered around studies of the 
products of the oxidation of 3-OHAA in vitro. In addition to niacin (NA) 
(3) and its end product, N'-methylnicotinamide (4, 6), quinolinic acid 
(QA) (7, 8) is formed from 3-OHAA in vivo. Studies with liver prepara- 
tions have indicated that in some species 3-OHAA is oxidized to an unstable 
intermediate (Compound I) (9-11) which in turn gives rise to an almost 
quantitative yield of QA by a non-enzymatic process. Compound I was 
reported to be converted by an enzyme (“Enzyme II’’) present in guinea 
pig and beef liver to another product tentatively identified as picolinic 
acid (PA) by Ry values and ultraviolet absorption spectra (12). 

Subsequent experiments (13) with use of O2!'* established the identity of 
this product as well as the general type of reaction involved in the opening 
of the aromatic ring. On the basis of studies which showed that 60 to 90 
per cent of the carboxyl carbon of 3-OHAA was expired as CO: (14, 15), 
and that little or no carboxyl carbon of labeled NA was expired by the rat, 
Mehler and May (15) suggested that, ‘‘This is evidence that the decar- 
boxylation to form picolinic acid is a major step in the metabolism of 3- 
hydroxyanthranilic acid in vivo.” This view failed to take into account 
the possibility of alternative pathways for the metabolism of 3-OHAA or 
its oxidation product (Compound I). The data which follow prove that 


* Supported in part by grants from the National Science Foundation (No. G-1810), 
_ the United States Public Health Service (No. A-801), and the Atomic Energy Com- 

mission. These results were reported in part at the meeting of the Federation of 
American Societios for Experimental Biology at Chicago, April, 1957. 

t Present address, Department of Biochemistry, Oklahoma State University of 
Agriculture and Applied Science, Stillwater, Oklahoma. 
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PA, a test dose of which is largely excreted in the urine chiefly as the gly- 
cine conjugate (15), is not a major end product of 3-OHAA or tryptophan 
in the cat or rat. Information regarding the metabolism in vitro of 3- 
OHAA by the liver of eight other species is presented. 


EXPERIMENTAL 


Test Compounds 


3-Hydroxyanthranilic acid randomly labeled with tritium in the benzene 
nucleus was prepared by exposing a mixture of lithium carbonate (110 mg.) 
and 2-nitro-3-methoxybenzoic acid (1 gm.) to a neutron flux of 1.8 « 10” 
neutrons per cm.? per second for 48 hours (16), followed by simultaneous 
demethylation and reduction (17) of the recovered 2-nitro-3-methoxyben- 
zoic acid. The specific activity of the 3-OHAA was 12.35 uc. per mmole. 
A product prepared by exposure of crystalline 3-OHAA to tritium gas (18) 
was also used (1.5 me. per mmole). The 3-OHAA labeled with C" in the 
carboxyl group was the same preparation previously described (6). The 
tryptophan used was the same sample described earlier (19). 


Experiments in Vitro 


The liver extracts were prepared by homogenizing fresh livers with 9 
volumes of glass-distilled water and centrifuging at 14,000 X g for 30 min- 
utes. The substrate for studies in vitro was prepared just prior to use by 
dissolving the 3-OHAA in dilute HCl, neutralizing to pH 7 with solid 
Naz2CQ;, and diluting to 2 or 4 wmoles per ml. The disappearance of 3- 
OQHAA was followed fluorometrically, and the intermediate (Compound 
I) was determined spectrophotometrically at 360 my (10). The extinction 
coefficient used was 40,000 which appears more nearly correct than 30,000 
as previously reported (10, 12). The amounts of QA formed were deter- 
mined by measuring microbiologically the NA formed after decarboxylation 
(7). Manometric studies were carried out as described previously (10), 
except that the enzyme source for each flask consisted of 0.5 ml. of a 10 
per cent extract of fresh liver homogenate. 

The C"Os., obtained by adding 30 per cent perchloric acid to an aliquot 
of the contents of the center well of the Warburg flasks, was collected in an 
ionization chamber and counted with the vibrating reed electrometer. 
The C" in the incubation mixture was converted to COz by wet combustion 
(20) and counted as a gas with the vibrating reed electrometer. Tritium 
analyses were made by the gas counting procedure of Wilzbach, Kaplan, 
and Brown (21). After adding 200 mg. of carrier PA and QA, these com- 
pounds were isolated from the deproteinized incubation mixtures by a pro- 
cedure involving adsorption on and elution from Norit (7). PA was not 
eluted with QA from the Norit by 0.1 N NH,OH, but was removed with 
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20 per cent phenol in 20 per cent acetic acid. After removal of the phenol 
by ether extraction, the PA was purified by adsorption chromatography 
on alumina in the same manner as QA and crystallized as the hydrochloride 
from ethanol. 


Studies in Vivo 


The 3-OHAA was suspended in isotonic saline and homogenized at a 
concentration of 10 mg. per ml. This suspension was injected intraperi- 
toneally as indicated in Table 1V. The labeled pL-tryptophan was dis- 
solved in 0.9 per cent NaCl and injected intraperitoneally as described in 
Table V. The urines were collected during a period of 24 hours or longer. 
After adding 100 or 150 mg. of carrier QA and PA, these compounds were iso- 
lated from the urine after hydrolysis at 121° for 2 to3 hours with 3 to6 ml. 
of 1 N NaOH. The alkaline urine was adjusted to pH 2 with 2 n HCl, and 
the QA and PA were separated on a Dowex 50-H column by development 
with 0.1 Nn HCl. The QA which appeared in the first few fractions was 
recovered by evaporation to dryness and crystallized twice from 2 ml. of 
50 per cent ethanol at pH 2. 

The samples of QA isolated from the normal rat, cortisone-treated rat, 
and normal cats all melted with decomposition between 183-187° and left 
a residue (NA) which melted at 215-224° with sublimation. Authentic 
QA melted with decomposition at 189-191°, leaving a residue (NA) which 
melted at 224—-230° with rapid sublimation. Addition of pure QA caused 
no depression of the melting points. The PA, eluted from the resin with 
approximately 85 ml. of 0.1 N HCl, was evaporated at pH 3 to dryness in a 
sublimation tube and sublimed at 100° zn vacuo. It was purified by crys- 
tallization from 1 ml. of an ethanol-benzene mixture (1:1) or by resubli- 
mation. These samples began to sublime between 128—130° on the Kofler 
block and melted at 131-136°. Authentic PA melted at 138—139.5° and 
did not depress the melting point of the individual samples. 


RESULTS AND DISCUSSION 


It has been repeatedly observed that rat liver slices and homogenates 
convert 3-OHAA almost quantitatively to QA. Beef liver, which also 
contains a very active 3-OHAA oxidase (10), often forms much less QA 
than the theoretical quantity.!. This species variation and the report by 
Mehler (12) of a new product (PA) of this reaction prompted a more de- 
tailed study of species variation with carboxyl-labeled 3-OHAA. 

The results of these experiments involving liver extracts from ten species 
are shown in Table I. The carboxyl carbon which was released as CO, 


' Priest et al. (22) reported similar results in which it was noted that beef liver 
formed much less QA than rat or pork liver. 
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varied from 11.0 per cent for mouse liver to 86.0 per cent for cat. liver. 
Essentially all of the C™ added as substrate and not released as COs was 
present in the incubation mixture. Quinolinic acid accounted for essen- 
tially all of the C in the incubation mixture for most species studied. In 
the case of the mouse, however, more than 40 per cent of the C' was present 
in some compound (or compounds) other than QA. Likewise with the 
pork, dog, and rabbit preparations, 17 per cent, 24 per cent, and 19 per 
cent, respectively, of the C'* were not accounted for as COs and QA. 


TABLE I 
Fate of C'4 from Carboryl-Labeled 3-OHAA in Presence of Fresh Liver Extracts* 
Per cent of C in 
emaining 
incubation mixture 

Hamster............. 19.0 76.5 69.5 
Guinea pig........... 31.0 49.0 42.5 
36.8 52.0 46.5 
86.0 12.3 9.0 


* Kach vessel contained 10-4 Mm FeSO,, 10-3 m glutathione with 0.5 ml. of 10 per 
cent liver extract, and Krebs-Ringer-phosphate buffer, pH 7.4, added to 3.0 ml. The 
incubations were for 75 minutes at 37° with 2 uwmoles of 3-OHAA in one side arm and 
0.2 ml. of 1 Nn HCl in the second sidearm. HCl was tipped into the reaction mixture 
after 75 minutes to release COz, and shaking was continued for 15 minutes. 


These results, which suggested that the level of Enzyme II which cata- 
lyzes the formation of PA (12) varies markedly from one species to another, 
and that some livers contain enzymes which form still other products, led 
to a more detailed study of these reactions in vitro. The incubation mix- 
tures, each of which contained 30 umoles of substrate with 7.5 ml. of a 10 
per cent extract of fresh liver in a volume of 45 ml., were periodically 
sampled to measure the rates of disappearance of 3-OHAA, appearance of 
Compound I, and formation of QA. These data for the rat and cat livers 
are presented in Fig. 1. 

For ease of comparison with earlier experiments (10), all of the results 
are presented on the basis of 2 wmoles of substrate. The data for the rat 
and the cat were selected since they represented the extremes for CO: 
and QA formation (Table I). The time required for the disappearance of 
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substrate with the rat and cat livers was 5 and 10 minutes, respectively, 
though the initial rate of loss of fluorescence was greater for the cat. The 
maximal amount of Compound I formed by the rat liver was 1.80 umoles 
and by the cat liver, 1.1 wmoles. This difference in the amount of Com- 
pound I formed by these extracts appears to result not from a difference 
in oxidase activity, but arises at least in part from differences in the rate 
of removal of this intermediate. The low yield of QA from the cat liver, 
in agreement with the data on C (Table I), supports this view. 


CAT PA 
Xx 
4 
a 
-OHAA F 
QA 
7 CMPO I 
O L L : L 
= 60 => 60 


INCUBATION TIME, MINUTES 


Fic. 1. Conversion of 3-OHAA to QA via Compound I with rat and cat liver 
extracts. The reaction mixture contained 30 umoles of 3-OHAA, 7.5 ml. of 10 per 
cent enzyme extract, 3 umoles of ferrous sulfate, and glass-distilled water to 45 ml. 
pH 7.4. 


Similar data obtained for eight other species are not reported in detail, 
but a summary is presented in Table II. An 8-fold variation in oxidase 
activity was noted. This may not reflect the true concentrations of the 
enzyme, since no effort was made to insure equivalent activation by pre- 
incubation with reduced glutathione, a procedure which is required for 
maximal activity in a dialyzed extract of liver acetone powder (5). The 
rate of disappearance of Compound I was in general equal to or slightly 
greater than the rate of QA formation. The most striking exception was 
with the cat liver in which the Compound I disappeared more than 4 times 
as fast as the QA was formed. This result is in agreement with the data 
in Table I and presumably is due to the action of Enzyme II. 

To verify the supposition that the substrate unaccounted for in the cat 
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liver experiments was chiefly PA, analyses for pyridinecarboxylic acids by 
the method of Rabinovitz et al. (23) were conducted on trichloroacetic 
acid filtrates from these incubation mixtures. Since QA as well as PA is 
measured by this method, the analysis was of little value except in the cat 
liver preparations for which the ratio of PA to QA concentrations was high. 
In this species the PA, as measured by this procedure, accounted for the 
remainder of the substrate (Curve X, Fig. 1). 


TABLE IT 
Comparison of Various Species with Regard to Rate of Formation and 
Disappearance of Compound I in Presence of Soluble 
Liver Enzymes 


Compound I Compound I disap- |QA appearance, umole 
Species Oxidase activity* concentration, f pearance, umole per |per 20 min. per umole 
umoles per 3 ml. 20 min. per umole Compound I 

Mouse......... 0.67 1.65 (10)f 0.45 (10-30) § 0.29 
0.25 1.40 (10) 0.48 (10-30) 0.45 
0.33 1.80 ( 5) 0.54 ( 5-25) 0.47 
Hamster..... 2.0 1.90 ( 3-5) 0.53 ( 5-25) 0.48 
0.67 1.60 ( 3) 0.52 ( 3-23) 0.40 
Guinea pig.... 2.0 2.25 ( 5) 0.65 ( 5-25) 0.35 
Rabbit........ 1.0 1.5 (10) 0.71 (10-30) 0.28 
Pigeon........ 1.0 0.95 (20) 0.32 (20-40) 0.33 
ERS ae 0.5 1.15 (10) 0.39 (10-30) 0.48 
1.0 1.10 ( 2) 0.93 ( 2-22) 0.22 


For the experimental conditions see Fig. 1. 
* Oxidase activity = 1 + time in minutes required for the disappearance of 1 


umole of substrate. 
t Maximal concentration during the course of the reaction. 
t Time at which maximal concentration was reached. 
§ 20 minute time interval selected for rate calculations. 


The results presented in Tables I, II, and in Fig. 1 indicate that the cat 
liver contains a very active enzyme which is responsible for the decarboxy]- 
ation of Compound I to form PA. The rat liver apparently possesses 
little of this catalytic activity. To verify this hypothesis, extracts of cat 
and rat liver were incubated under the conditions described above with 
tritium-labeled 3-OHAA for 1 hour. Carrier PA and QA were added to 
the deproteinized incubation mixture, and, after isolating and purifying 
these compounds, the tritium content was determined. Approximately 
80 per cent of the tritium of 3-OHAA was recovered in the two compounds. 
With the rat liver, approximately 90 per cent of the recovered isotope 
was present in the QA and with the cat liver more than 75 per cent was pres- 
ent in the PA (Table III). These findings confirm the pronounced differ- 
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ence in the manner by which 3-OHAA is metabolized in vitro by the 
liver of these species. 

Experiments in vivo of a similar type were then conducted. Tritium- 
labeled 3-OHAA was administered intraperitoneally, carrier PA and QA 
were added to the urine, the conjugated acids were hydrolyzed, and the two 
acids were isolated and purified as already described. The report that ad- 
ministration of cortisone to the rat increased the concentration of the PA- 
forming enzyme in the liver as measured in vitro (15) prompted a study of 
this effect zn vivo. The results obtained with two normal cats, a normal 
rat, and a cortisone-treated rat are presented in Table IV. 

It is evident that PA is only a minor urinary excretion product of 3- 
OHAA in both the cat and the rat. The microbidassay for QA in the 


TaBLeE III 
Formation of Quinolinic and Picolinic Acids by Rat and Cat Liver Preparations* 
Tritium in PA Tritium in QA 
‘ 3-OHAA 
Preparation added Recovered Recovered 
from from 
substrate substrate 
teats myc. myc. per cent myc. per cent 
Rat liver extract................... 220 16.3 7.4 158.5 72.0 
Cat “ 188 113.8 60.5 31 16.6 


* The reaction mixtures are as follows: For the rat preparation, 4.78 mg. of 3 
OHAA were dissolved in 7.8 ml. of water, 7.9 ml. of a 10 per cent fresh liver extract 
and 31.6 ml. of Krebs-Ringer-phosphate buffer, pH 7.4. For the cat preparation, 
4.03 mg. of 3-OHAA were dissolved in 7.8 ml. of water, 7.9 ml. of a 10 per cent fresh 
liver extract, and 31.6 ml. of Krebs-Ringer-phosphate buffer, pH 7.4. Incubated 
for 1 hour at 37°. 


urine, before adding carrier, made it possible to calculate the specific ac- 
tivity of the excreted QA. Only slight dilution of the isotope was noted 
in three of the four animals. 

The results of these experiments in vitro strongly indicate that the dif- 
ferences in the manner in which the liver of various species metabolizes 
3-OHAA to pyridine derivatives might result from variation in the activity 
of the enzyme which decarboxylates the PA precursor. This enzyme 
would compete with the spontaneous reaction by which this precursor is 
transformed into QA. It appeared that the unusually effective substitu- 
tion of tryptophan for niacin in the rat might result from a lack of an en- 
zyme (or enzymes) which decarboxylates a NA precursor. The ineffec- 
tiveness of this enzyme in vivo in the cat, whose liver catalyzes this reaction 
so rapidly zn vitro, is anomalous. 

That the low level of labeling of PA in these experiments zn vivo in the 
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rat is not the result of further metabolism of PA is indicated by the obser- 
vations of Mehler (15) and by the recovery of almost all of an intraperi- 
toneally administered test dose of 30 mg. of PA from the urine after alka- 
line hydrolysis. Similar experiments with the cat showed that not more 
than half of a 10 mg. dose of tritium-labeled PA was metabolized. The 
remainder was recovered from the urine by isolation after carrier addition 
and alkaline hydrolysis. This result, together with those recorded in 


TABLE IV 


Conversion in Vivo of Tritium-Labeled 3-Hydroxryanthranilic 
Acid to Quinolinate and Picolinate 


Corti- 
rat* 
3-OHAA administered, mg... 50 50 100 200 
specific activity, uc. per 
Amount of tritium excreted as PA, myc.............. 23.1 | 29.8 | 67.4 395 
Specific activity of QA excreted,f uc. per mmole..... 2.10; 2.43) 2.30 
Substrate converted to QA,f 14.1] 5.4) 11.6 


* The cortisone-treated rat received 2 mg. of cortisone acetate (Merck cortone 
acetate), suspended in 0.5 ml. of isotonic saline, intraperitoneally for a 3 day period 
prior to the administration of 3-OHAA. Both rats received 10 mg. of 3-OHAA in 
two intraperitoneal injections 4 hours apart. The cat received 20 mg. of 3-OHAA in 
two intraperitoneal injections 4 hours apart. Urine was collected 24 hours after the 


first injection. 
t Based on microbioassay. 


Table IV, shows that no more than 10 per cent of a test dose of 3-OHAA 
could be converted to PA in the intact cat. 

Tryptophan is probably the sole natural precursor of 3-OHAA in ani- 
mals. Comparison of the extent of conversion of these two compounds to 
urinary pyridinecarboxylic acids might indicate the degree to which tryp- 
tophan forms 3-OHAA in vivo. This matter was studied, and the results 
are shown in Table V. The data indicate that PA is not a significant end 
product of tryptophan metabolism in the rat or cat. In the rat 3.4 per 
cent of the administered tryptophan was converted to QA, while the cat 
formed QA from only 0.65 per cent of the tryptophan-C" given. 

This inability of the cat to convert tryptophan to pyridinecarboxylic 
acid as compared to the rat is in agreement with the results of de Castro, 
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Brown, and Price (24). These workers reported that the cat is unable to 
metabolize tryptophan to the usual urinary end products owing to a con- 
siderably less active liver tryptophan peroxidase-oxidase system than 
that present in the rat. Our data support this view, since the cat converts 
3-OHAA to QA and PA to approximately the same extent as the rat (Ta- 
ble IV) in contrast to the tryptophan results. 

It appears that under the conditions of these experiments urinary PA is 
an end product of only a minor portion of exogenous or endogenous 3- 
OHAA in both of the species studied. Other urinary compounds, not yet 
identified, account for as much as 25 per cent of the C'* from carboxyl- 


TABLE V 
Conversion tn Vivo of Tryptophan-3a,7,7a-C'4 to Quinolinate and Picolinate 
Rat* Catt 
Tryptophan administered, mg.....................cceceecee: 24 200 
” ssa specific activity, uc. per mmole.... 8.35 2.09 
Amount of C'4 excreted as PA, muc.......................... 0 0 
Specific activity of QA excreted,§ wc. per mmole............. 7.62 
Substrate converted to QA,§ %.............-...0-..0020045. 3.7 0.35 


* 24 mg. in one dose; urine was collected 24 hours later. 

tT 200 mg. in two equal doses 7 hours apart. Urine was collected 33 hours after the 
first injection. 

t Subject to a large error owing to the very low specific activity of the QA iso- 
lated. 

§ Based on microbioassay. 


labeled 3-OHAA given to rats at levels of 3.1 and 19.1 mg. (8) and for an 
even larger percentage of the C™ from 1 mg. of 3-OHAA labeled in positions 
1 and 2 (25). The pathway by which most of the remaining 3-OHAA is 
converted to CO, through metabolically active, non-aromatic compounds 
remains to be elucidated. It seems possible that this pathway is the one 
taken by the major portion of the carbon of the indole nucleus of trypto- 
phan. 


SUMMARY 


1. Liver extracts from ten species oxidized C'™-carboxyl-labeled 3-hy- 
droxyanthranilic acid to an unstable intermediate (Compound I). A de- 
carboxylase, the activity of which varied with the species, catalyzed the 
loss of CO, from the labeled carboxyl carbon of Compound I to give 
pigolinic acid in competition with the non-enzymatic reaction leading to 
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quinolinic acid. The mouse, pork, and rat liver extracts, which had a 
much less active decarboxylase than the beef or cat liver extract, formed 
much quinolinic but little picolinic acid. 

2. Cat liver extracts converted tritium-labeled 3-hydroxyanthranilate 
chiefly to picolinate, while extracts of rat liver formed chiefly quinolinate. 

3. Both the cat and the rat converted approximately 10 per cent of the 
tritium-labeled 3-hydroxyanthranilate to urinary quinolinate and approxi- 
mately 4 per cent to picolinate in vivo. Tryptophan-C™ led to labeled 
urinary quinolinic acid in both species, especially in the rat, but not to 


labeled picolinic acid. 
4. In both species most of an exogenous dose of picolinate was recovered 


from the urine. 
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STUDIES ON THE ENZYMIC REDUCTION OF AMINO ACIDS 


II. PURIFICATION AND PROPERTIES OF A p-PROLINE REDUCTASE 
AND A PROLINE RACEMASE FROM CLOSTRIDIUM STICKLANDII* 


By THRESSA C. STADTMANT ano PATRICIA ELLIOTT 


(From the Enzyme Section, National Heart Institute, National 
Institutes of Health, Bethesda, Maryland) 


(Received for publication, February 25, 1957) 


An enzyme system obtained from Clostridium sticklandii catalyzes 
a reductive ring cleavage of proline to yield 6-aminovaleric acid (2). Both 
the p and the L isomers of proline are decomposed; certain preparations, 
however, exhibit slightly greater activity on b-proline. In spite of indi- 
cations that more than one enzyme was involved in the reduction of DL- 
proline, previous data made a decision difficult as to whether the system 
consisted of a racemase and a reductase for one of the isomers or two 
separate reductases, one for each optical isomer. Further purification 
of the system has yielded two distinct protein fractions, both of which 
are necessary for the complete reduction of pL-proline. One of these frac- 
tions catalyzes the reduction of b-proline to 6-aminovaleric acid and 
has no activity on L-proline. The other contains a racemase which rapidly 
converts either optical isomer of proline to the racemic mixture but exhibits 
no reductase activity. Some of the properties of these two enzymes and 
the method of their separation are described in the present communication. 


Materials 


An alkaline phosphomonoesterase preparation from calf intestine, a 
purified semen monoesterase, lyophilized venom of Crotalus adamanteus, 
and semen acid phosphatase of human seminal fluid were generously sup- 
plied by Dr. L. A. Heppel and Dr. R. Hilmoe. 

p-Proline and p-allohydroxyproline were gifts from Dr. J. P. Greenstein, 
pDL-5 ,8-dimercaptooctanoic acid from Dr. T. H. Jukes of the Lederle 
Laboratories, and pL-6,8-dimercaptooctanoic acid (reduced lipoic acid) 
from Dr. L. Reed. 1,3-Dimercaptopropanol was synthesized according 
to the method of Stocken (3). 


* Clostridium sticklandii (1) was formerly referred to as ‘‘an amino acid-ferment - 
ing Clostridium, strain HF.”’ 

t A portion of this work, supported by a fellowship grant from the Helen Hay 
Whitney Foundation, was carried out at the Institut fiir Zellehemie, Max-Planck- 
Institut, Miinchen. 

Dr. F. Lynen and his associates were most generous in sharing their laboratory 
facilities and in offering helpful advice upon this problem. 
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Chemical Methods 


Proline was measured by the acid ninhydrin procedure of Chinard (4) 
in suitable aliquots of reaction mixtures after deproteinization with ethanol 
(final concentration, 80 per cent, v/v) or perchloric acid (final concentra- 
tion, 3 per cent, v/v). Tetrahydropyrrole (pyrrolidine), ornithine, and 
pipecolic acid were also assayed by this procedure; pipecolic acid gives a 
deep violet color with the reagent rather than the usual reddish color and 
is measured at 570 mu. 

Thiol oxidation was estimated in perchloric acid-deproteinized solutions 
by an adaptation of the p-chloromercuribenzoate or p-chloromercuri- 
phenylsulfonate procedures for SH— groups (5). 

The amino acid product, 6-aminovaleric acid, was estimated by the 
Moore-Stein ninhydrin procedure (6). Aliquots of the deproteinized 
reaction mixtures were assayed directly (after removal of NHs3) when 
proline decomposition had proceeded almost to completion; otherwise the 
product was isolated by paper chromatography before estimation. It 
should be noted that 6-aminovaleric acid gives almost no color in the 
Cocking and Yemm ninhydrin method (7), whereas its color yield in the 
Moore-Stein method is about equal to that of alanine, glycine, etc. 

The SH concentration of various thiol solutions was determined by 
iodine titration just before use. Protein was estimated by the biuret 
method (standarized against crystalline bovine serum albumin) or by ultra- 
violet absorption measurements. 

Enzyme Assays; pb-Proline Reductase—The most convenient assay 
depends upon the measurement of the amount of proline decomposed 
during a suitable incubation period, not to exceed 1 hour at 31°. The 
enzyme concentration and incubation time were so adjusted that about 50 
per cent of the added p-proline was used. Although a substrate level of 
at least 0.05 M is necessary to saturate the enzyme, assays were routinely 
carried out with 0.01 m p-proline in order that proline disappearance could 
be measured with precision. At this substrate level the enzyme is about 
80 per cent saturated (2). Since the pure p isomer of proline was available 
in only limited quantities, it was usually supplied as the pL mixture of 
which only one-half can be decomposed by the purified enzyme. If an 
excess of the racemase is also present, then either DL- or L-proline can be 
used as substrate for the reductase, since L-proline will be converted to 
b-proline to maintain a racemic mixture. In crude extracts, the racemase 
has always been found to be present in excess and thus either isomer can 
be quantitatively reduced to 6-aminovaleric acid. 

The reaction mixtures contained, in addition to enzyme, 20 umoles of 
Tris buffer,! pH 8.7, 10 uwmoles of MgCle, 8 wmoles of pL-proline (or 4 


1 Abbreviations used are as follows: Tris buffer, tris(hydroxymethy!)aminometh- 
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umoles of b-proline), and about 36 weq. of SH added as 1 ,3-dimercaptopro- 
panol in a total volume of 0.4 ml. Less purified enzyme preparations were 
also supplemented with 0.1 to 0.2 umole of DPN and 0.013 umole of 
pyridoxal phosphate (2). Incubations were carried out in an atmosphere 
of N. or Hz. in 10 X 75 mm. stoppered test tubes. 

A unit of enzyme is that amount required to reduce 1 umole of D-proline 
per hour under the above conditions. Specific activities are expressed 
as micromoles of proline reduced per mg. of protein per hour. 

Proline Racemase—Two methods were available for determination of 
proline racemase activity. One of these made use of the fact that the 
optical rotation of L-proline is sufficiently great ([a], —86°) (8) that its 
enzymatic conversion to the racemic mixture in a model D Beckman 
polarimetric unit may be followed. A reaction mixture containing 0.1 
M L-proline, contained in a polarimeter tube 1 de. in length and with a 
capacity of 3 ml., gave an initial reading of about 0.32 on the density scale. 
This decreased to a final reading of 0.032, which was the same as the value 
obtained for a 0.1 M solution of DL-proline plus enzyme and other reaction 
mixture components. Although the method was not perfected to the 
point where it is completely satisfactory for rate studies, it is particularly 
useful in those cases in which amino acids, for which there are no other 
ready means of distinguishing the isomeric forms, are to be tested as possible 
racemase substrates. Thus, the purified proline racemase was found to 
exhibit no detectable activity on L-hydroxyproline by this method. 

For routine measurement of proline racemase activity, the amount of 
p-proline formed from L-proline was estimated by use of the purified pb- 
proline reductase. The reaction mixture (0.3 ml.), containing 8 uwmoles of 
L-proline, 3 umoles of potassium phosphate buffer, pH 6.7, 6 umoles of 
B-mercaptoethanol, and 2.5 umoles of Versene, was incubated with 1 to 
1.5 units of proline racemase in open 10 X 75 mm. test tubes for 10 minutes 
at 31°. After incubation, the racemase was inactivated by being heated 
for 5 minutes at 95°, the tubes were cooled, and the contents assayed for 
b-proline by means of b-proline reductase as described above. In this 
type of assay an excess of the purified p-proline reductase (5 to 6 units) 
was added to each sample and an incubation period of 1 hour was employed 
to assure quantitative reduction of the b-proline that had been formed. 
The difference in amount of proline remaining in samples incubated with 
racemase preparations as compared to a sample without these preparations 
was thus a measure of the extent of racemization that had occurred. 

A similar procedure was employed when pb-proline was the substrate 


ane hydrochloride; DPN, diphosphopyridine nucleotide; Versene, sodium ethylene- 
diaminetetraacetate; BAL, 1,2-dimercaptopropanol; AMP, adenosine monophos- 
phate. 
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for the racemase, with the exception that here a decrease in concentration 
of reducible proline served as the measure of racemase activity. 

A proline racemase unit is defined as that amount of enzyme which 
will convert 1 umole of either optical isomer to that of the opposite con- 
figuration in 10 minutes under the above conditions. Specific activities 
are expressed as micromoles of product formed per mg. of protein per 10 
minutes. 

Preparation of Bacterial Extract—Approximately 200 to 250 gm. of 
wet packed cells harvested from 100 liters of 18 to 24 hour cultures of 
C’.. sticklandit (9) were suspended in 0.01 m Tris buffer, pH 8.7, and oscil- 
lated for 10 minutes in a 200 watt Raytheon 10 kilocycle oscillator. The 
cell debris, removed by centrifugation at 18,000 * g at 0°, was washed 
once with one-half the original volume of Tris buffer. The combined 
supernatant fluids obtained from this amount of material usually contained 
about 23 gm. of protein. Such crude sonic extracts have been found to 
exhibit greater amino acid reductase activity than those employed pre- 
viously which were prepared by grinding lyophilized cells with alumina (2). 

Separation of Proline Racemase and b-Proline Reductase; Step 1, Pre- 
cipitation of Nucleic Acids—The crude sonic extract, diluted with 0.01 
mM Tris buffer, pH 8.7, to contain not more than 25 mg. of protein per ml., 
was treated with a 2 per cent solution of protamine sulfate (about 90 mg. 
of protamine sulfate per gm. of protein) until the 280: 260 ratio of the super- 
natant fluid was 0.85 to 0.95. The supernatant fluid obtained by cen- 
trifugation contained the enzyme activities and the precipitate was dis- 
carded. 

Step 2; Fractionation with Ammonium Sulfate—Solid (NH,).SO, was 
added to the protamine supernatant fluid to 0.3 saturation (21 gm. for 
each 100 ml. of extract) and the small precipitate discarded. The super- 
natant solution, adjusted to 0.6 saturated (NH4)2SO,, was centrifuged 
and the precipitate dissolved in 0.05 m Tris, pH 8.7. This fraction (Frac- 
tion A) contained 60 to 80 per cent of the protein and most of the amino 
acid reductase activity. The 280:260 ratio of this fraction was usually 
1.1 to 1.2. The remaining protein was precipitated by the addition of 
(NH,4)2SO, to 0.9 saturation. The precipitate (Fraction B) was also 
dissolved in 0.05 m Tris, pH 8.7. 

Step 3; Refractionation with Ammonium Sulfate—Tris buffer (0.01 M, 
pH 8.7) was added to Fraction A from Step 2 to adjust the protein con- 
centration to about 30 mg. per ml. Solid (NH4)2SO,, 24.5 gm. per 100 
ml. of enzyme solution, was added and the precipitate (Fraction C) was 
collected and dissolved in 0.05 m Tris buffer, pH 8.7. Fraction D was 
obtained by the further addition of (NH4).SO, (10.5 gm. per 100 ml.) to 
the supernatant solution from Fraction C, and Fraction E was obtained by 
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the addition of 7 gm. of (NH,4).SO,; per 100 ml. to the supernatant fluid 
from Fraction D. 

Step 4; Acid Treatment—F¥raction D from Step 3 was diluted with 
water to give a protein concentration of not more than 25 mg. per ml. 
The resulting enzyme solution containing Tris buffer (about 0.02 M) and 
residual ammonium sulfate was pH 8.1 to 8.2. This was adjusted to pH 5.0 
by the careful addition of 0.1 mM formic acid. The resulting precipitate 
was redissolved in 0.05 m Tris buffer, pH 8.7, and clarified by centrifu- 
gation for 1 hour at 104,000 K g. The precipitate was discarded. 

Step 5; Adsorption on Calcium Phosphate Gel—Fraction C from Step 3 
was adjusted with 0.05 m Tris buffer, pH 8.7, to a protein concentration 
of 25 to 35 mg. of protein per ml. Calcium phosphate gel? was added until 
a gel-protein ratio of 0.92 was attained. The gel precipitate was washed 
once with a volume of water equal to that of the protein-gel suspension 
before centrifugation. ‘The enzyme was then eluted from the gel with a 
similar volume of 0.1 M potassium phosphate buffer, pH 7.6. Solid am- 
monium sulfate was added to 0.41 saturation (28.7 gm. per 100 ml. of 
buffer solution). The protein, collected by centrifugation, was redissolved 
in 0.05 m Tris buffer, pH 8.7. This solution could also be clarified by 
centrifugation for 1 hour at 104,000 * g. The sedimented material was 
discarded. 

All the steps in the purification procedure were carried out at 0-5°. 
The fractions, at any stage, could either be stored at —20° or kept for 
several hours at 0° without appreciable loss of activity. When certain 
purified preparations showed some loss of activity upon storage, this loss 
appeared to be correlated with heavy metal contamination, since the in- 
clusion of Versene (2 X 10° M) or dialysis against buffer solutions con- 
taining Versene enhanced enzyme activity. The racemase is particularly 
sensitive to metals and is even inhibited somewhat by Mgt*. Both 
enzymes are markedly inhibited by iron and cobalt. Although ammonium 
sulfate recrystallized from Versene was not employed, its use would un- 
doubtedly circumvent part of this difficulty. 

Both the racemase and the reductase withstand ethanol and acetone 
fractionation at —20°, but no serious attempt has been made as yet to 
include these steps in the purification procedure. 

The various protein fractions may be assayed for either enzyme activity 
without previous removal of the residual ammonium sulfate, since no 
inhibitory effects of this substance at concentrations up to 0.2 M have been 
noted. 

The racemase and proline reductase activities of all fractions are shown 


2 Prepared according tothe method of Kunitz (10), it contains 17 mg. of Ca3(PO,)2 
per ml. 
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in Table I. All enzyme fractions carried through Step 3 of the purification 
procedure, with the exception of Fraction B, contained both racemase and 
p-proline reductase activities and therefore catalyzed the quantitative 
reduction of pL-proline to 6-aminovaleric acid. The acid precipitate 


TABLE I 
Separation of p-Proline Reductase and Proline Racemase 


Enzyme preparation Protein on “penal Proline racemase 

meg. unils = units 
Crude sonic extract................. 14,400 2.8 40,300 | 10.95 | 156,000 
Protamine supernatant.............. 8,600 5.0 43,000 | 15.6 134, 000 
Step 2, Fraction A.................. 7,100 7.25 | 51,500 8.35 59 , 300 
we 518 0 0; 99 51,200 
3,500 8.6 30,100 1.8 6, 300 
2,740 7.19 | 19,700 | 11.8 32,300 
* 630 4.35 2,740 | 15.2 9 , 600 
480 | 20.4 9 , 800 0 0 


* The supernatant fraction, resulting from centrifuging the suspensions of gel, 
contained 1530 mg. of protein, 2650 units of proline racemase, and 4970 units of b- 
proline reductase. 


TABLE II 
Fractionation of Proline Reductase System 
Enzyme fraction pDL-Proline decomposed 

pmoles 

(heated 7 min. at 95°, pH 8.2).......... 2.19 


The reaction mixtures contained 20 uwmoles of Tris buffer, pH 8.7, 10 umoles of 
MgClo, 0.1 umole of DPN, 0.013 umole of pyridoxal phosphate, 2.5 umoles of Versene, 
15 wmoles of 1,3-dimercaptopropanol, 4 wmoles of pL-proline, 0.309 mg. of protein 
(acid precipitate fraction), or 0.40 mg. of protein (gel eluate fraction). Ineubation 
conditions were as described under ‘‘Methods.”’ 


from Step 4 contained racemase but no detectable reductase activity, 
whereas the gel eluate from Step 5 contained reductase activity but no 
racemase. Accordingly (Table II), incubation of pt-proline with the gel 
eluate (reductase) results in only 50 per cent decomposition; supplemen- 
tation with the acid precipitate fraction (racemase) causes complete de- 
composition. As seen in Table I, Fraction B also contains the racemase 
and no detectable reductase activity. 


| 
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Properties of p-Proline Reductase; Specificity—The proline reductase in 
the gel eluate fraction of Step 5 was found to be specific for the p isomer 
of proline (Fig. 1). The slight activity exhibited on L-proline was prob- 
ably indicative of contamination of this preparation with a little of the 
D isomer, since DL-proline samples were reduced only to the extent of 50 


4.0 T T T 

® D-Proline 

*3.0F 

uJ 

s 2.0F 
S DL-Proline 
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uJ 

= L-Proline 

1 L 


O 1 
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GEL ELUATE PROTEIN, mg. 

Fic. 1. Substrate specificity of proline reductase. The reaction mixtures con- 
tained 4 uwmoles of the indicated substrate. For the other components, see ‘‘Meth- 
ods.”’ 


TABLE III 
p-Proline Reduction Balance 
p-Proline added Proline disappearance |6-Aminovaleric acid formed SH— oxidized 
pmoles pmoles pmoles peg. 
4.0 3.98 3.60 6.60 
8.0 5.50 5.10 10.20 


The samples contained 0.40 mg. of enzyme and 27 weq. of SH— as 1,3-dimereapto- 
propanol in 0.4 ml. volumes. For the other components, see ‘‘Methods.”’ | 


per cent and pure b-proline was reduced to completion, under these con- 
ditions. 

The next higher amino acid analogue, DL-pipcolic acid, was not attacked 
by p-proline reductase, nor was tetrahydropyrrole (pyrrolidine) or DL- 
ornithine reduced. ‘There was barely detectable activity on p-allohydroxy- 
proline with the formation of a new ninhydrin-reactive material that 
occupied a lower position (2 = 0.41) than 6-aminovaleric acid (Rr = 0.53) 
on chromatograms developed with n-butanol-propionic acid-water (11). 
This product was presumably y-hydroxy,6-aminovaleric acid. 
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L-Hydroxyproline was earlier found to be inert in the unfractionated 
proline reductase system (2). The possibility still exists that p-hydroxy- 
proline can be reduced since it is not formed from the L isomer by proline 
racemase and has not been available for direct testing. 

Balance Experiments—-The stoichiometry of the over-all process of 
proline reduction as established by direct analysis of the reactants and 
products (Table III) shows that the reaction can be described by the equa- 
tion 
H.C CH, 


| | 
H.C HC—COOH + R(SH): > + R—SS (1) 
NH NH: 


The purified p-proline reductase preparation thus couples proline reduction 
with the oxidation of 1 ,3-dimercaptopropanol, which cannot be replaced by 
molecular hydrogen, DPNHt, or a number of other reducing agents (2). 

Leucosafranine T was not oxidized by proline in the presence of a crude 
preparation of proline reductase* although Stickland (13), using cell sus- 
pensions of Clostridium sporogenes, had found that a number of leuco 
dyes, including leucophenosafranine, were oxidized by proline. The 
potential of the latter dye is very close to that of safranine T. 

Specificity of Electron Donor—In earlier studies, with crude enzyme 
preparations, it had been found that 1 ,3-dimercaptopropanol and reduced 
DL-lipoic acid were about equally efficient on a molar basis as reducing 
agents and were 2 to 3 times more active than BAL (2). However, as 
shown in Table IV, with the purified proline reductase, 1 ,3-dimercapto- 
propanol was about 6 times better than BAL at the lower levels and also 
considerably more active than either of the dimercaptooctanoate com- 
pounds. The latter suffered from the disadvantage of being somewhat 
inhibitory at the higher thiol levels usually employed. The two monothiols 
included here for comparison were essentially without effect, as was found 
earlier. In this experiment one fails to observe the usual linear relation- 
ship between 1 ,3-dimercaptopropanol concentration over the range em- 
ployed and the amount of proline reduced, because the reaction was not 
stopped until the amino acid substrate concentration had become rate- 
limiting at the higher thiol levels. 

Cofactor Requirements—Previous studies on the unfractionated proline 
reductase system of C. sticklandii had demonstrated dependencies on 
Mg** ion, DPN, and pyridoxal phosphate for maximal decomposition of 


3’ Experiments carried out with the generous assistance of Dr. W. Seubert (12). 
The failure to observe a proline-dependent oxidation of reduced safranine T ap- 
peared not to be due to a missing electron carrier, for there was appreciable leuco 
dye oxidation in the absence of added proline. 
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L- or DL-proline. After exhaustive dialysis, the purified p-proline reductase 
was stimulated about 60 per cent by the addition of Mgtt ion, 30 per cent 
by Cat+ ion, and 45 per cent by Mnt* ion. Cot*, on the other hand, 
completely inhibited activity. The metal ion effects were exhibited in the 


TaBLeE IV 
Ahility of Various Mercaptans to Serve As Electron Donors for Proline Reduction 
Mercaptan added 
M pmoles 
0 0 
1,3-Dimercaptopropanol «0.044 2.59 
0.088 3.57 
0.131 3.83 
pL-6,8-Dimercaptooctanoate | 0.04 | 1.74 
0.092 2.01 
0.138 1.82 
BAL | 0.039 0.39 
0.078 0.63 
| «60.116 0.82 
pL-5,8-Dimercaptooctanoate 0.044 0.63 
0.088 1.11 
0.132 1.26 
8-Mercaptoethanol 0.044 0.44 
0.088 0 
0.132 0.22 
Thioglycolate 0.041 0 
0.083 0 
0.124 0 
1,3-Dimerecaptopropanol (0.044 MSH) + 6,8-dimercapto- 0.090 3.24 
octanoate (0.046) i 
+ BAL (0.039) 0.083 | 2.64 
+ 5,8-dimercaptooctanoate (0.044) 0.088 2.96 
+ B-mercaptoethanol (0.044) 0.088 | 2.40 


range of 2.5 X 10-7 m to 2.5 X& 10° mM concentrations. The effects of 
DPN and pyridoxal phosphate additions to preparations of D-proline 
reductase were quite variable and never exceeded about 20 per cent stimu- 
lation. The enzyme did not lose activity as a result of prolonged dialysis; 
instead, the specific activity increased slightly from 14 to a value of 18 
(2.5 & 10-* m Mg?** present in each instance). 

In view of the possibility that DPN and pyridoxal phosphate still might 
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be bound to the enzyme in levels sufficient for maximal activity, some 
experiments were carried out in which attempts were made to cleave such 
compounds from the purified p-proline reductase by incubation with 
various phosphomono- and phosphodiesterase preparations. The enzyme 
was inactivated 50 per cent by incubation with human seminal plasma at 
pH 5.5 for 90 minutes and 40 per cent of the activity lost was restored 
upon the addition of 0.1 umole of DPN per 0.4 ml. The alkaline phos- 
phomonoesterase preparation from calf intestine caused more extensive 
inactivation of the proline reductase (90 per cent), but here the stimulatory 
effects of 0.1 umole of added DPN were more marked (2.6 times). In 
other experiments AMP as well as DPN sometimes gave partial reactiva- 
tion of the phosphatase-treated enzymes, but in no instance was there 
any stimulation attributable to pyridoxal phosphate. Although such 
experiments are little more than suggestive, the possibility that DPN or 
some derivative thereof may actually play a role in the reduction of proline 
is indicated. 

Reversibility of Proiine Reduction—-A number of experiments designed 
to demonstrate the enzymatic oxidation of 6-aminovaleric acid to proline 
have failed to detect such a reaction. Among the electron acceptors tried 
with the purified reductase were oxidized 1,3-dimercaptopropanol, the 
disulfide of lipoic acid, and tetrazolium dyes. These compounds were 
tested in both the presence and the absence of a catalytic level of 1 ,3- 
dimercaptopropanol, and at pH 6.5 as well as at pH 8.7. A crude diapho- 
rase preparation was also tried with the tetrazolium compounds in case the 
coupling agent was lacking. Even in the intact cell there was no sugges- 
tion of ability to oxidize 6-aminovaleric acid with molecular oxygen, al- 
though cell suspensions actively oxidize endogenous compounds under 
such conditions. 

Addition of 0.05, 0.075, and 0.1 M levels of 6-aminovalerate caused 0, 
50, and 100 per cent inhibition, respectively, of proline reduction (0.02 
M DL-proline) by the purified p-proline reductase. Other amino acids 
such as a-aminovaleric acid, B-alanine, y-aminobutyric acid, and glycine 
were not inhibitory at these levels. 

Properties of Proline Racemase—As shown in Tables I and II, the protein 
fraction prepared in Step 4 contained a heat-labile component necessary 
for the quantitative reduction of p.L-proline, but alone it was unable to 
decompose proline. Evidence that this fraction contains a proline race- 
mase was obtained from polarimetric studies in which it was found that 
incubation of a solution of (—) L-proline with this enzyme fraction con- 
verted it to a solution with a rotation equal to 0. At equilibrium there is 
a racemic mixture of b- and L-proline which is approached from either 
direction at approximately the same rate (lig. 2). 
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Effects of Enzyme Concentration, Temperature, pH, and Metal Ions— 
Formation of p-proline from L-proline was a linear function of enzyme 
concentration over the range of 20 to 60 y of protein per 0.3 ml. of reaction 
mixture (Fig. 3). The rate of proline racemization as a function of tem- 
perature was examined over the range of 24-37°. At 37° the activity 
was 35 to 40 per cent greater than at 24°. Very little difference in the 
rate of proline racemase activity was observed between pH 6.7 and 8.1, 
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Fig. 2. Racemase equilibrium. The rate of formation of p-proline from L-proline 
and the rate of disappearance of b-proline (conversion to L-proline) when incubated 
with proline racemase. There were 4 umoles of the indicated optical isomer present 
initially, together with 1 unit of enzyme (@) or 4 units of enzyme (A). For the 
other components, see ‘‘Methods.”’ 

Fia. 3. The effect of enzyme concentration on the amount of b-proline formed 
from L-proline by the purified proline racemase. The experimental conditions are 
described in the text. 


but below pH 6.5 the reaction fell off rapidly and at pH 5.5 there was no 
detectable activity. Frequent pronounced stimulatory effects of phosphate 
buffers, even with dialyzed enzyme preparations, proved to be obliterated 
by the addition of 2.5 K 10-2 m Versene to the racemase reaction mixtures. 
Added Mg?** ion (3.7 * 10-? M) inhibited the racemase 25 per cent; there- 
fore, presumably, the phosphate and Versene effects were a reflection of 
their metal-binding abilities. In fact, dialysis of the enzyme against 
phosphate buffer and 10-7 m Versene increased the activity of one prepara- 
tion about 2-fold. 

Cofactor Requirements—Of the cofactors found necessary for the un- 
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fractionated proline reductase system, it is evident from the above experi- 
ments that Mgt ion is not required by the racemase component. Also, 
pyridoxal phosphate could not be shown to be involved in the racemization 
of proline. The usual techniques of ultraviolet irradiation, aging, and 
prolonged dialysis of the enzyme to separate the apoenzyme from its 


TABLE V 
Effect of Thiol Compounds on Proline Racemase 
Compound added SH— p-Proline formed 
meq. pmoles 
0 0 0.66 
1,3-Dimercaptopropanol 1.5 1.41 
3.0 1.36 
6.0 1.28 
3.0 0.96 
6.0 0.94 
6-Mercaptoethanol 1.5 0.92 
3.0 1.21 
6.0 1.49 
Glutathione-SH 1.5 0.65 
3.0 0.49 
6.0 0.42 
Glutathione-SS (6 umoles) 0 0.59 
Thioglycolate 1.5 0.39 
3.0 0.23 
6.0 0.39 
Lipoic acid 3.0 0.45 
“3 «+ 1,3-dimercaptopropanol 3.0 + 3.0 1.25 
Thioglycolate + 1,3-dimercaptopropanol 3.0 + 3.0 1.20 
Glutathione-SH + m 3.0 + 3.0 1.25 


coenzyme were ineffectual. In fact, addition of hydroxylamine in con- 
centrations up to 5 X 10°? mM to reaction mixtures or preincubation of the 
enzyme with the same levels of hydroxylamine, rather than causing any 
inhibition, stimulated activity of the enzyme 20 to 25 per cent. Thus, by 
these types of criteria, pyridoxal phosphate does not appear to serve as a 
cofactor for proline racemase. 

The enzyme requires the addition of an —-SH compound for activity, 
and it need not be a dithiol (Table V). Thus 6-mercaptoecthanol was 
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found to be only slightly less efficient than 1,3-dimereaptopropanol as an 
activator of proline racemase. Glutathione (reduced), thioglycolate, and 
lipoic acid were slightly inhibitory. 

The fact that B-mercaptoethanol can be used to activate the racemase 
but will not activate the b-proline reductase makes it possible to assay 
crude extracts for racemase activity without interference from reductase 
activity. In such assays L-proline is incubated with the crude enzyme 
in the presence of B-mercaptoethanol. After incubation, the racemase is 
destroyed by being heated and the p-proline which had accumulated is 
determined by incubation with purified p-proline reductase and 1,35- 
dimercaptopropanol. 

It was not found necessary to incubate the proline racemase reaction 
mixtures anaerobically; no differences in rates were observed for anaerobic 
or aerobic samples incubated for 10 or 20 minute periods with 3 yeq. 
of SH per 0.3 ml. volumes in 10 X 75 mm. test tubes. 

The possibility that DPN might be needed for proline racemase activity 
Was examined both in extensively dialyzed enzyme preparations and also 
in phosphomono- and phosphodiesterase-treated protein fractions. As 
in the case of the reductase, treatment with esterases, particularly those 
of snake venom and the alkaline phosphomonoesterase preparation of 
semen, frequently yielded racemase preparations which were stimulated as 
much as 45 per cent by addition of a catalytic level of DPN (0.1 umole 
per 0.3 ml.). In no case was there extensive loss of racemase activity 
which could not be restored by the addition of DPN. This was in marked 
contrast to results obtained with the reductase which was almost completely 
destroyed by some phosphatase preparations, particularly the venom, and 
could not be reactivated, even with boiled extracts. 


DISCUSSION 


The experiments reported by Nisman and Vinet (14) on the arsenite 
sensitivity of the amino acid reductases of C. sporogenes suggest the in- 
volvement of —-SH enzymes or an —SH coenzyme but not a dithiol cata- 
lyst. If the dithiol type of compound is a normal reactant in the proline 
reductase system of C. sticklandii, then it would be expected that proline 
reduction would be inhibited about 50 per cent by 10~4 M arsenite and about 
90 per cent by 5 X 107! M arsenite, as is the lipoic-linked pyruvate system 
of Streptococcus faecalis (15) and the lysine-decomposing system of C. 
sticklandii (16). Experiments with fresh cell suspensions of C. sticklandit, 
in which either molecular H». or endogenous cell materials served as re- 
ductant, revealed that proline reduction did not exhibit this marked sen- 
sitivity to arsenite. Inhibition was observed only with 10~* to 10°? M 
arsenite. These data appear to exclude the normal mediation of a dithiol 
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catalyst in the proline reduction process, even though such compounds 
function as efficient electron donors in the isolated enzyme system. 

The proline reductase preparations so far examined have exhibited no 
requirement for inorganic phosphate or ability to couple phosphate esteri- 
fication with proline reduction. This is in contrast to the glycine reductase 
system of C. sticklandi which does form ATP when glycine is reduced, 
also by 1,3-dimercaptopropanol (17). 

The finding that one enzymic component of the proline reductase system 
of C. sticklandii is a racemase poses the problem of mechanism of isomeri- 
zation. As reported earlier (2), A!-pyrroline-2-carboxylic acid and therefore 
presumably a-keto-6-aminovaleric acid (18) are not metabolized by the 
proline reductase system. This observation makes unattractive the 
hypothesis of an initial oxidative step of this type to remove the hydrogen 
atom from the asymmetric carbon of proline. Although one might vis- 
ualize an internal oxidation-reduction reaction of a_proline-pyridoxal 
phosphate complex as a mechanism of isomerization, there is no direct 
evidence to support such an idea. It would appear that the stimulatory 
effects of pyridoxal phosphate observed in many crude preparations may 
have been due to an enzyme-catalyzed decomposition of this coenzyme. 
With the more purified enzymes no such effects have been seen, and thus 
either (1) pyridoxal phosphate is not required for the reductase or the 
racemase or (2) it is now stable and present in saturating levels on the 
particular apoenzyme in question. The interpretation of the results 
of addition of hydroxylamine to the proline racemase is complicated by 
the fact that stimulatory effects due to its ability to bind metals may 
have overshadowed any inhibitory effects due to binding of pyridoxal 
phosphate. The sensitivity of the racemase to metal ions, together with 
its requirement for a catalytic level of a mercapto compound, suggests 
that it is a sulfhydryl enzyme. 

The purification steps employed for separation of b-proline reductase 
have so far resulted in only a 15- to 20-fold enrichment. Although the 
behavior of these preparations has in no way suggested that more than 
one enzyme is involved in the reduction of b-proline by 1 ,3-dimercapto- 
propanol, it is not unlikely that such may be the case. As yet no serious 
attempts have been made to achieve further purification of the reductase 
or of the racemase. Since both enzymes appear to be relatively stable, 
this may be a feasible approach in order to gain further insight into the 
mechanisms of racemization and of reduction. 


SUMMARY 


The separation of the proline reductase system of Clostridium sticklandii 
into two components, (1) a proline racemase and (2) a v-proline reductase, 
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has been achieved. Some of the properties of these two enzymes and 
the procedure employed for their purification are described. 
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A general attack upon the problem of the structure of bovine a-chymo- 
trypsinogen is being carried forward from several quarters. Work from 
this laboratory has been concerned with the mechanism by which chymo- 
trypsinogen is converted to the various chymotrypsins (1-3), with the 
preparation and properties of chymotrypsinogen derivatives (4, 5), with 
the hydrogen ion equilibria as revealed by potentiometric and spectropho- 
tometric titrations, and with the physical properties of the protein (6, 7). 
Basic to all of these studies of the protein are data on amino acid composi- 
tion derived by the most dependable and accurate methods available. In 
a recent paper (6) we have presented and compared values for the molec- 
ular weight of a-chymotrypsinogen derived by a variety of methods, in- 
cluding amino acid analysis. Taken as a whole, the values converge to- 
ward a molecular weight of 25,000. 

Samples of a-chymotrypsinogen may be obtained with a homogeneity 
that justifies extensive investigations of their composition. The high 
degree of homogeneity of the best preparations is well attested by solu- 
bility studies (8), ion exchange chromatography (9), electrophoresis (3), 
and sedimentation (3, 10). 

The purpose of the present paper is to present in detail data on the amino 
acid composition of a homogeneous sample of a-chymotrypsinogen, deter- 
mined largely by the chromatographic methods of Moore and Stein (11). 
Also included are a determination of cysteic acid in chymotrypsinogen 
which has been oxidized with performic acid and determinations of amide 
nitrogen as indicated by the release of ammonia during acidic or basic 
hydrolysis. 

The titration and isoionic point of chymotrypsinogen (12) indicate that 
the number of groups which add hydrogen ions below pH 7 is greater than 
the number calculated from analytical values for amide groups and -total 
glutamic and aspartic residues. Because reliable estimates of the number 
of free carboxyl groups in chymotrypsinogen are necessary for the inter- 
pretation of hydrogen ion equilibria in relation to structure, we have re- 
investigated a method for the determination of amide groups which is 
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independent of the estimation of ammonia. This is the method studied by 
Chibnall and Rees (13) and later by Grassmann et al. (14) whereby free 
carboxyl! groups are esterified, the ester groups reduced with lithium boro- 
hydride, and the acid hydrolysate of the reduced protein is analyzed. 
Glutamic acid and aspartic acid in the hydrolysate represent glutamine 
and asparagine residues, respectively, except those which might occur as 
unblocked C-terminal residues. We have found that the estimation of 
glutamic acid and aspartic acid could be facilitated by the use of ion ex- 
change chromatography on Dowex 2. The analytical results not only 
provide data on the number of glutamine and asparagine residues in chy- 
motrypsinogen, but also corroborate the total amide-NH3; analyses which 
are based on the release of ammonia by acid or base. 


EXPERIMENTAL 


Materials 


a-Chymotrypsinogen was obtained from the Worthington Biochemical 
Corporation, Freehold, New Jersey, as a once crystallized filter cake, and 
was crystallized seven times with ammonium sulfate (15) and twice with 
aleohol (16). As previously reported (3), this preparation was electro- 
phoretically nearly homogeneous at pH 4.97. After 7 hours of electrolysis, 
less than 5 per cent of the protein appeared outside the main peak. When 
tested against acetyl-L-tyrosine ethyl ester as substrate, the zymogen was 
found to contain 0.02 per cent active chymotrypsin. 


Before each analysis, the sample of protein was dissolved in 0.001 Me 


hydrochloric acid and the solution was passed over a column of Amberlite 
IR-120, 20 to 50 mesh, on the H+ cycle in order to remove ammonium and 
metallic ions or peptide impurities which might be present. The amount 
of nitrogen in chymotrypsinogen was determined on a sample which had 
been freed from all small ions by passage over a column of mixed bed resin, 
20 to 50 mesh, composed of Amberlite IR-120 on the H+ cycle and Amber- 
lite [RA-400 on the OH~ cycle. Repeated dry weight measurements! and 
Kjeldahl nitrogen determinations on the isoionic protein gave an average 
value of 16.5 per cent nitrogen. There was no ash, and no counter-ion 
corrections are necessary. The extinction coefficient of the maximum at 
282 mu, determined on the isoionic protein, was found to be 20.0 for a 1.00 
per cent solution. 

Dowex 50-X8 and Dowex 2-X10 ion exchange resins, 200 to 400 mesh, 
were obtained from The Dow Chemical Company, Midland, Michigan. 
Amberlite [R-120 and IRA-400 ion exchange resins, 20 to 50 mesh, ana- 
lytical grade, were obtained from Rohm and Haas Company, Philadelphia, 


' Constant weight was attained after about 3 hours at 100° under a high vacuum. 
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and ninhydrin and hydrindantin were purchased from Dougherty Chemi- 
cals, Richmond Hill, New York. Amino acids were purchased commer- 
cially as analytically pure compounds, some of which were recrystallized 
by Dr. Earl W. Davie, and samples were stored in a vacuum desiccator 
over phosphorus pentoxide. BRIJ 35 detergent was obtained from the 
Atlas Powder Company, Wilmington, Delaware, and lithium borohydride 
was purchased from Metal Hydrides, Inc., Beverley, Massachusetts. 
Tetrahydrofuran was obtained as a commercial grade solvent from E. I. 
du Pont de Nemours and Company, Inc., and was purified by being refluxed 
over sodium ribbon and then by being distilled from sodium. The purified 
solvent was stored over sodium in the dark. All other chemicals were 
purchased commercially and were either chemically pure or reagent grade. 


Methods and Results 


Amino Acid Analysis on Dowex 50 Columns—Three times distilled con- 
stant boiling hydrochloric acid was used for hydrolysis of the protein. 
About 50 mg. of protein in 2 ml. of dilute acid were placed in a 15 ml. 
Pyrex tube, 12 ml. of constant boiling acid were added, and the tube was 
thoroughly evacuated with a high vacuum pump and then sealed. The 
final concentration of acid was about 5 Nn. Separate hydrolyses were 
carried out in an autoclave held at 110° + 1° for 12, 24, 36, 48, and 72 
hours. All of the hydrolysates became first light yellow and then darken- 
ing shades of purple. The contents of each tube were repeatedly taken to 
dryness tn vacuo and dissolved in water. Small amounts of humin were 
removed by centrifugation. Tests by Kjeldahl analysis showed that the 
humin contained negligible amounts of nitrogen. The nitrogen content 
of the hydrolysates was determined by duplicate micro-Kjeldahl analyses. 

The preparation of columns of Dowex 50-X8 resin (250 to 400 mesh), 
the preparation of buffers, and the operation of the columns in the chro- 
matography of the hydrolysates were carried out as nearly as possible in 
the manner described by Moore and Stein (11). Effluent fractions were 
collected with a Technicon automatic fraction collector which was set to 
collect 1.0 ml. aliquots by drop count. The quantities of the various 
amino acids in the effluent fractions were estimated by the colorimetric 
ninhydrin method (17), and proline was estimated by the acid ninhydrin 
method of Chinard (18, 19). Color yields for all of the amino acids were 
determined for our reagents and recrystallized samples of amino acids. 
A Beckman model B spectrophotometer was used in all measurements of 
optical density. 

The 100 em. column was used for the acidic and neutral amino acids, 
and the 15 em. column for the basic amino acids. The separation for one 
of the hydrolysates is shown in Figs. 1 and 2. Individual amino acids 
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emerged from the columns at effluent volumes which were similar to those 
reported by Moore and Stein (11). 


SER 


ASP THR 


GLY ALA 


CYSTEIC 
6- ACID 


OPTICAL DENSITY 


CYS 


i pH 3.42, 375° 
EFFLUENT FRACTIONS 


2.24 LEU 


ILEU 


VAL 

TYR PHE 

&- MET ° 
2 


I80 200 220 240 260 280 300 320 340 360 
> pH 4.25, 50° —————»s pH 4.25, 75° > 
EFFLUENT FRACTIONS 

Fic. 1. Amino acids of a 36 hour hydrolysate of a-chymotrypsinogen, separated 
on a0.9 em. X 100 em. column of Dowex 50-X8. Optical density at 570 my is plotted 
on the ordinate for each effluent fraction after treatment with ninhydrin reagent. 
The dashed curve for proline gives optical density at 490 my after reaction with 
ninhydrin by the method of Chinard. All optical densities have been corrected for 
base-line absorption. The amount of hydrolysate placed on the column corresponds 
to 4.65 mg. of protein. The pH of buffers and temperatures used for elution are 
indicated along the abscissa. The contractions used are as follows: ASP, aspartic 
acid; THR, threonine; SER, serine; GLU, glutamic acid; PRO, proline; GLY, gly- 
cine; ALA, alanine; CYS, eystine; VAL, valine; MET, methionine; ILEU, isoleucine; 
LEU, leucine; TYR, tyrosine; PHE, phenylalanine. 
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A summary of the analytical values is presented in Table I. When the 
results for the differing times of hydrolyses were compared, three amino 
acids were found to increase significantly with time from 24 and 72 hours. 
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Proline increased 8 per cent, valine 12 per cent, and isoleucine 17 per cent 
(Fig. 3). Therefore, the values in Table I for these three amino acids are 
the averages of two runs at 72 hours of hydrolysis. On the other hand, 
between 12 and 48 hours, threonine decreased 7 per cent and serine 23 per 
cent. Data for these two amino acids were extrapolated to zero time by 
the method of least squares. A graph of the extrapolated data is given in 
Fig. 4. 

One may question the validity of the assumption that during the initial 
stages of protein hydrolysis the destruction of an amino acid follows simple 
kinetics, either first order (22) or zero order, as indicated in Fig. 4. The 
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Fic. 2. Basie amino acids and ammonia of a 36 hour hydrolysate of a-chymotryp- 
sinogen, separated on a 0.9 em. X 15 em. column of Dowex 50-X8. Optical density 
at 570 my is plotted on the ordinate for each effluent fraction after treatment with 
ninhydrin reagent. All optical densities have been corrected for base-line absorp- — 
tion of fractions on either side of each peak. The amount of hydrolysate placed on 
the column corresponds to 4.50 mg. of protein. The contractions used are HIS, 
histidine; LYS, lysine; ARG, arginine. 
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analytical value for serine, which decomposes so extensively, should be 
accepted with reservations. 

The amount of methionine found in the different hydrolysates varied 
erratically. In some, especially after long times of hydrolysis, the yield 
Was as low as 0.5 gm. per 100 gm. of protein. Either methionine was de- 
stroyed to a variable extent during hydrolysis or different amounts were 
lost on the column even though thiodiglycol was used as an antioxidant 
(20). The chromatograms showed no traces of methionine oxides, which 
would emerge just before aspartic acid. In view of this uncertainty, the 
value for methionine in Table I is an average of four similar values at 24 
and 36 hours of hydrolysis. Maximal recoveries were found at these times. 
Furthermore, the values have been corrected upward on the assumption 
that only 90 per cent of the methionine in the hydrolysates was recovered 
from the column (20). 

Destruction of cystine was extensive, and the loss of tryptophan was 
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TABLE I 


Amino Acid Composition of a-Chymotrypsinogen As Determined by 
Chromatography of Acid Hydrolysates on Columns of Dowex 50 


Amino acid 100" gm. protein’| Tesidue per 100 molecule; mol 
gm. gm 

11.56 9.99 7.37 21.8 
10.89f 9.24 7.76 23.0 
Glutamic acid................. 8.32§ 7.30 4.80 14.2 
10. 45]] 8.84 7.57 22.4 
1.144 1.00 0.65 1.9 
5.17] 4.46 3.34 9.9 
2.95 2.65 1.38 4.1 
Phenylalanine................. 4.29 3.82 2.20 6.5 


* Average of six analyses, two runs each at 24, 36, and 48 hours of hydrolysis, un- 
less otherwise indicated. 

t The calculation of the molecular weight of chymotrypsinogen from amino acid 
composition and the comparison of this value with data from physical measurements 
have been presented elsewhere (6). 

t Data for 12, 24, 36, and 48 hours extrapolated to zero time. 

§ Corrected for 3 per cent loss of glutamic acid on the column (11). 

|| Average of two runs at 72 hours of hydrolysis. 

§ Average of four runs, two at 24 hours and two at 36 hours, corrected for 10 
per cent loss of methionine on the column (20). : 

** Calculated according to the assumption of 10 half cystine residues per molecule 
as indicated by analysis for cysteic acid in oxidized protein (see the text). 

tt Caleulated according to the assumption of 7 residues per molecule (21). 

tt Caleulated according to 1.34 per cent amide nitrogen (see the text). 


essentially complete. Although present in chymotrypsinogen, these two 
amino acids are not included in the main body of analytical results. None 
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of the ten remaining amino acids listed in Table I showed a trend either 
upward or downward with the time of hydrolysis. The mean deviation of 
the values which have been averaged for each of these ten amino acids 
varies from 1.4 per cent (alanine) to 3.9 per cent (histidine). The final 
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Fic. 3. Amounts of valine, isoleucine, and proline in acid hydrolysates of a- 
chymotrypsinogen as a function of the duration of hydrolysis. Dashed curves have 
been added only to relate experimental points. 
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Fic. 4. Amounts of serine (O) and threonine (@) in acid hydrolysates of a- 
chymotrypsinogen as a function of the duration of hydrolysis. Each straight line 
represents the best fit to the data as determined by the method of least squares, 
assuming a linear decrease of each amino acid with time. 


value for glutamic acid has been corrected upward by 3 per cent to take 
account of the loss which is believed to occur on the long column (11). 

A few comments on the chromatograms themselves are appropriate. 
The typical chromatogram presented in Fig. 1 shows a peak emerging with 
the solvent front at tube 25. We have labeled this peak ‘‘cysteic acid.” 
It is commonly believed that this acidic amino acid found in protein hy- 
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drolysates arises from cystine by decomposition, although the peak could 
also be cysteine sulfinic acid. Based on the color yield of cysteic acid, 
the amount of the acidic material corresponds to 1.0 + 0.2 residues 
per molecule of chymotrypsinogen for all times of hydrolysis above 12 
hours. There were no indications that the amount varied significantly 
with time of hydrolysis. 

A small, unidentified peak appears about twenty effluent fractions after 
phenylalanine in the chromatograms from both the 100 cm. column and 
the 15 cm. column (Fig. 1 and Fig. 2). The amount of this material is 
difficult to estimate because the peak is broad and varies from run to run. 
Based on the color yield for leucine, the material corresponds to somewhat 
less than 1 residue per molecule. We have been inclined to ascribe this 
peak to residual tryptophan or decomposition products of tryptophan 
(chymotrypsinogen contains about 5 per cent tryptophan). The unmodi- 
fied amino acid should emerge from the 15 cm. column near Fraction 55 
(11). 

At the bottom of Table I have been added the analytical values for cys- 
tine, tryptophan, and amide nitrogen. Cystine content has been based 
upon determinations of cysteic acid in oxidized protein which are described 
below. It has been assumed that there are an integral number of residues 
and that each half cystine residue yields approximately 1 cysteic acid 
residue. The value for the amide nitrogen is also calculated from the 
results presented in this paper, whereas the content of tryptophan has been 
taken to be 7 residues per molecule as reported by Brand and Kassel (21). 
The accumulated totals for amino acid residue weights and for nitrogen as 
per cent of total nitrogen show that we have accounted quantitatively for 
all of the protein and all of the nitrogen within experimental error. 

Release of Ammonia by Basic and Acidic Hydrolyses—The amount of 
amide nitrogen in chymotrypsinogen was estimated by following the re- 
lease of ammonia under the following three different conditions: 1.0 N 
NaOH at 25°, 5 n HCl at 110°, and concentrated HCI at 37°. The protein 
used in these experiments was in the form of deionized solutions whose 
concentrations were determined by measurements of optical density 
(EX em. = 20.0 at 282 my). 

For basic hydrolysis, procedures similar to those studied by Warner 
and Cannan (23) were carried out. The reaction was performed in a series 
of Conway dishes which had been given water-repellent surfaces by treat- 
ment with Desicote. Into each of the dishes, 1.00 ml. of protein solution 
and 1.0 ml. of 2 N NaOH were placed on opposite sides of the outer ring. 
1.0 ml. of 0.1 N H2SO, was pipetted into each center well, the dish was 
closed, and the base and protein were mixed. The final protein concen- 
tration was about 5 mg. per ml. Control distillations were carried out 
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with a standard solution of ammonium sulfate substituted for the protein 
solution. At scheduled time intervals, the liquid in the center well of a 
dish was neutralized, and the ammonia content was determined by the 
colorimetric ninhydrin method of Moore and Stein (17). The agreement 
between two separate series was close, as shown in Fig. 5. The course of 
the release of ammonia is similar to that described for B-lactoglobulin by 
Warner and Cannan (23). Extrapolation of the nearly linear portion of 
the curve, between 30 and 80 hours, by the method of least squares, gives 
a zero time intercept of 1.37 per cent amide nitrogen. 


PERCENT AMIDE N/TROGEN 


HOURS 

Fic. 5. Ammonia obtained from chymotrypsinogen by the action of base or acid 
as a function of time. Closed and open circles represent two separate runs in 1.0 
n NaOH at 25° + 2°. Closed and open triangles represent two separate runs in 5 
n HCl at 110° + 1°. The method of least squares has been used to extrapolate the 
data to the ordinate, where values for amide nitrogen as per cent of total protein 
may be read. 


Hydrolysis with three times distilled hydrochloric acid was carried out 
in evacuated and sealed Pyrex tubes at 110° + 1° by procedures which 
have been described above for amino acid analyses. About 50 mg. of 
protein were hydrolyzed with 12 ml. of acid. After scheduled time inter- 
vals, individual hydrolysates were evaporated to dryness, the residues were 
taken up in water, and samples were assayed for ammonia by a combination 
of distillation in Conway dishes (24) and colorimetry with ninhydrin rea- 
gent (17). For distillation, 1.00 ml. of sample was mixed with 1 ml. of 
1 m NasCO3. With sodium carbonate, 4 hours are required for complete 
distillation of ammonia. Sodium carbonate was preferred over sodium 
hydroxide because it was found that the release of ammonia from a hy- 
drolysate by the weaker base is inappreciable after 4 hours, whereas am- 
monia continues to be released at a measurable rate with sodium hydroxide 
(cf. Conway and Byrne (24)). The results of two separate series of acid 
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hydrolyses are shown in Fig. 5. Extrapolation by the method of least 
squares gives a zero time intercept of 1.35 per cent amide nitrogen. The 
scatter of data about the fitted line is greater than in the case of base hy- 
drolysis, and could be expected from the results of Jacobsen (25) in work 
with 8-lactoglobulin. It was shown that trace impurities in the acid used 
for hydrolysis affected the rate at which ammonia was released. 

The use of concentrated hydrochloric acid for the determination of 
amide nitrogen has been described by Rees (26). In our experiments, 
5.00 ml. of deionized protein solution were added to 40 ml. of concentrated 
HCl at 37°, and the volume was made up to 50.0 ml. with acid. The final 
protein concentration was about 2.5 mg. per ml. The solution was stored 
at 37°, and samples of 1.00 ml. were removed at scheduled time intervals. 
Each sample was pipetted into the outer ring of a Conway dish and was 
evaporated to dryness in a vacuum desiccator. Ammonia was determined 


TABLE II 


Ammonia Obtained by Hydrolysis in Concentrated Hydrochloric 
Acid at 37° Expressed As Per Cent of Total Nitrogen 


Hydrolysis 


72 hrs. |120 hrs. |168 hrs. |291 hrs. |341 hrs. |408 hrs. 438 hrs. 


a-Chymotrypsinogen (N, 16.5%) 0.61 | 6.85 | 7.20 | 7.90 | 7.94 | 8.15 | 8.00 
7.94 | 7.98 | 8.05 | 7.98 
B-Lactoglobulin (N, 15.6%) 0.67 | 6.14 7.00 | 7.02 | 6.95 | 7.08 
7.10 | 6.76 7.00 


by distillation from 1 M Na2CQ; into 0.1 N H2SO, and then by colorimetry 
with a ninhydrin reagent, as described above for hydrolysates from 5 Nn 
HCl. For purposes of comparison, a sample of 6-lactoglobulin, which had 
been prepared and deionized in this laboratory, was assayed by the same 
procedure. The results of the two assays are presented in Table II. The 
release of ammonia follows a similar course for both proteins; the values 
remain essentially constant after 290 hours. The final value for B-lacto- 
globulin corresponds closely to the total amide nitrogen reported by Rees 
(26). However, the ammonia found before 120 hours is much less than 
that found by Rees at similar times of hydrolysis. The difference may be 
due to the different ways of estimating ammonia or to the use of somewhat 
different concentrations of hydrochloric acid.2 If the results for chymo- 


2 In the earlier work (26), dry protein was dissolved in concentrated hydrochloric 
acid. Ammonia was determined by neutralizing a sample with sodium hydroxide 
and distilling the ammonia from the sample mixed with buffer at pH 10 in a 
Kjeldahl flask. 
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trypsinogen are averaged for times longer than 290 hours, a value of 1.32 
per cent amide nitrogen is obtained. 

Summary of Values for Amide Groups As Determined by Release of Am- 
monia—The results for amide nitrogen obtained by three different methods 
of hydrolysis are in close agreement. Small differences may be ascribed to 
experimental errors, which we estimate to be of the order of 2 to 3 per cent. 
In terms of a molecular weight of 25,100, the results for the three methods 
correspond to 24.1, 24.4, and 23.7 amide groups per molecule, respectively, 
for hydrolysis with 1 N NaOH, 5 N HCl, and concentrated HCl. 

Esterification, Reduction, and Hydrolysis of Chymotrypsinogen—The rea- 
gent chosen for the esterification of chymotrypsinogen was a mixture of 
acetic anhydride and absolute methanol. This reagent had been used 
previously by Blackburn and Phillips (27) and more recently by Grassmann 
et al. (14). The latter authors have reviewed various methods for the 
esterification o proteins. It is especially pertinent to the present study 
that methanol-acetic anhydride does not appear to cause loss of amide 
nitrogen from protein. We may add that this reagent has the further 
advantage that free amino groups are blocked by acetylation. We have 
observed that serum albumin esterified with diazoacetamide (28) becomes 
less soluble upon aging and shows a decreasing amount. of free amino ni- 
trogen as determined by the Van Slyke analysis. The possibility of reac- 
tion between ester groups and amino groups while protein is suspended 
with lithium borohydride in refluxing tetrahydrofuran must be considered ; 
acetylation prevents such a side reaction. 

Preliminary experiments showed that when chymotrypsinogen in the 
form of a lyophilized powder was treated with methanol-acetic anhydride, 
and the product was reduced in refluxing tetrahydrofuran, the reactions 
were not complete. It appeared that some portion of the insoluble pro- 
tein was impervious to the reagents. Therefore, in order to begin with a 
finely divided amorphous material, the protein was precipitated from a 
deionized solution with methanol. 

In a typical procedure, 2.0 gm. of deionized chymotrypsinogen in 50 ml. 
of 0.001 nN HCl were precipitated with 200 ml. of methanol containing 2 
gm. of lithium chloride. The precipitate was centrifuged and washed 
three times with absolute methanol. The gelatinous protein was sus- 
pended in 100 ml. of absolute methanol, 20 ml. of acetic anhydride were 
added, and the mixture was allowed to stand at room temperature with 
occasional stirring. After scheduled intervals of time, the product was 
recovered and was washed thoroughly with methanol, all operations being 
carried out in a centrifuge. The final product was dried in a vacuum des- 
iccator, ground to a fine powder, and stored over phosphorus pentoxide. 

In each reduction, the following procedure was followed: 50 mg. of es-. 
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terified protein were placed in a dry flask into which were distilled about 
30 ml. of pure tetrahydrofuran. 50 mg. of lithium borohydride were 
transferred quickly to the flask and the solvent was heated to a reflux on 
a sand bath. The condenser was protected from moisture with a tube of 
calcium chloride. 

After scheduled time intervals, each reduction mixture was cooled and 
treated with 2.0 ml. of 6 N HCl in order to destroy excess borohydride. 
Boric acid formed from the reducing agent was removed by distillation 
with methanol. Absolute methanol was added in four successive portions 
of 25 ml. each, and, after each addition, the solvent was removed by heating 
the mixture under a vacuum. A test of the final vapors showed that all 
free boric acid was removed by this procedure. 

The reduced protein was hydrolyzed by adding 30 ml. of constant boil- 
ing hydrochloric acid to the residue in the reaction flask and refluxing the 
mixture for 24 hours, and the acid was removed from the hydrolysate by 
evaporation in a vacuum desiccator over sodium hydroxide pellets. The 
residue was taken up in 10 ml. of water, the humin was removed by cen- 
trifugation, and samples of the solution were used for determinations of 
total nitrogen and estimation of glutamic and aspartic acids. 

Determination of Glutamic and Aspartic Acids in Protein Hydrolysates—A 
chromatographic method has been developed by which glutamic acid and 
aspartic acid may be separated from protein hydrolysates with columns of 
Dowex 2 ion exchange resin. No other amino acids appear in the chro- 
matogram. 

The resin and the column are prepared as follows: Dowex 2-X10, 200 
to 400 mesh, is washed and cycled twice with 1 N NaOH and 1 Nn HCl. 
About 500 ml. of the washed resin are suspended in 2 liters of water in a 
graduate cylinder. After a settling time of 1 hour, the fines in suspension 
are decanted and discarded. A suspension of the prepared resin is used to 
fill a chromatographic tube, 9 mm. in diameter, to a height of 15em. The 
column is washed with the acetate buffer at pH 5, which is described 
below. A hydrostatic head is produced such that the flow rate is about 
20 ml. per hour. 3 hours are sufficient to saturate the column with ace- 
tate ion. 

The three buffers used for washing the column and for elution are the 
following: (a) acetate buffer, 1.0 mM, pH 5.0, which is prepared by dissolving 
272 gm. of NaOAc-3H.0 in 800 ml. of water, adding 50.0 ml. of glacial 
acetic acid, and diluting to 2.00 liters, and (b) pyridine-acetate buffer, pH 
5.0, which is prepared by adding 4.5 ml. of pyridine and 3.0 ml. of glacial 
acetic acid to 2.00 liters of water. It is sometimes necessary to adjust the 
pH to 5.0 + 0.1 with pyridine or acetic acid. (c) Pyridine-acetate buffer, 
pH 4.2, is made from the buffer at pH 5.0. Glacial acetic acid is 
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added to 500 ml. of buffer until the pH is between 4.1 and 4.2. About 
3 ml. of acid are required. All buffers are made up to contain 0.4 per cent 
BRIJ 35 detergent. 

Before each analysis, the column is equilibrated with pyridine-acetate 
buffer, pH 5.0, by passing 50 ml. of the buffer through the column at a flow 
rate of about 20 ml. per hour under a moderate hydrostatic head. All 
liquid is then removed from the top of the column and 1.0 ml. of a 0.24 per 
cent solution of pyridine in water is placed above the resin. A 1.00 ml. 
sample of protein hydrolysate is mixed into the pyridine solution on the 
column. ‘The most accurate analyses are obtained if the sample contains 
from 2 to 4 umoles of each amino acid. The 2 ml. of liquid are allowed 
to enter the resin by gravity. Two 0.5 ml. portions of pyridine-acetate 
buffer, pH 5.0, are used to wash 'the last portions of the sample into the 
resin. | 

With the sample absorbed at the top of the column, the elution of the 
neutral and basic amino acids is begun by passing about 12 ml. of pyridine- 
acetate buffer, pH 5.0, through the column at a flow rate of 6 ml. per 


hour. Only a small hydrostatic head is required for this rate. The 


separation and elution of glutamic and aspartic acids are obtained by a 
pH gradient elution. The change from the reservoir of buffer at pH 5.0 to 
a mixing vessel is made by turning a three-way stopcock in the three-way 
line. The mixing vessel contains initially 50 ml. of pyridine-acetate buffer 
at pH 5.0 in a closed system and is agitated with a magnetic stirrer. Into 
this vessel is introduced the buffer at pH 4.2 under a small hydrostatic 
head. The flow rate is maintained at 6 ml. per hour. A fraction collector 
is used for the collection of 1.00 ml. fractions after gradient elution has 
begun. Fractions 50 to 150 are used for determination of the acidic 
amino acids. 

The amino acid content of the fractions is determined by the colori- 
metric ninhydrin method with acetate as the buffer in the ninhydrin 
reagent. Factors by which optical density readings are converted to 
micromoles of glutamic acid or aspartic acid have been determined for 
pure samples of each amino acid in the pyridine-acetate buffers. Yields 
of the known amounts of the two amino acids recovered from the column 
have been found to be 100 + 2 per cent. A typical separation from a 
hydrolysate of esterified and reduced chymotrypsinogen is shown in Fig. 6. 


3 We have obtained the most satisfactory and precise results with a ninhydrin 
reagent which differs somewhat from that described by Moore and Stein (29). The 
final concentrations in our reagent are ninhydrin, 8.0 gm. per liter; hydrindantin, 
1.6 gm. per liter; acetate buffer, 1.0m, pH 5.5; and Cellosolve, 700 ml. per liter. This 
reagent gives a low blank of optical density around 0.030 and color vields for most of 
the amino acids between 90 and 95 per cent of theoretical (cf. Connell et al.(30)). 
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The amounts of glutamic and aspartic acids obtained from unmodified 
chymotrypsinogen corresponded closely to the amounts found in the com- 
plete amino acid analyses described above. 

Analyses of samples of chymotrypsinogen which had been esterified and 
treated with lithium borohydride for various periods of time are summarized 
in Table III. It will be noticed that, for the periods shown in Table III, 
the amount of glutamic acid shows no significant trend as a function of 
time of reaction. The variations which appear are probably within the 
limits of experimental error, except for some analyses of samples which 
were reduced for 48 hours. The results for aspartic acid do appear to 
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Fic. 6. Separation of glutamic acid and aspartic acid from an acid hydrolysate 
of esterified and reduced chymotrypsinogen by chromatography on Dowex 2-X10. 
Protein had been esterified for 187 hours and reduced for 48 hours. The amount of 
hydrolysate placed on the column corresponds to 4.01 mg. of chymotrypsinogen. 
Optical density at 570 my is plotted on the ordinate for each 1 ml. of effluent fraction 
after treatment with ninhydrin reagent. All optical densities have been corrected 
for base-line absorption. 


show a significant downward trend from 24 to 72 hours of reduction, but 
show no significant change with time of esterification. It, therefore, 
appears that esterification and reduction of chymotrypsinogen lower the 
glutamic acid which appears in a hydrolysate from 14 to 11 residues per 
mole and lower aspartic acid from 22 to 15 or 14 residues per mole. 
Determinations of Cystetc Acid in Hydrolysates of Oxidized Chymotrypsin- 
ogen—The procedure used for the oxidation of the protein with performic 
acid was essentially that described by Schram, Moore, and Bigwood (31). 
Two different reaction times were used as a test of the course of the reac- 
tion. Difficulties were encountered in obtaining reproducible yields of 
cysteic acid when the formic acid solution was evaporated in a rotary 
evaporator. The results were more reproducible when the reaction 
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mixture was diluted with 10 volumes of ice water, and the solution was 
immediately frozen and lyophilized in the usual manner. The dry 
residue of oxidized protein was divided into 50 mg. portions for hydrolysis 
with constant boiling HC] at 110° in evacuated and sealed tubes. Hydroly- 
sates were prepared for chromatographic analysis by procedures which 
have been described above for complete amino acid analysis. 

The amount of cysteic acid found in each analysis needs to be related 
to the original amount of protein which corresponds to the sample placed 
on the column. Total nitrogen analyses by the Kjeldahl method are 
used for this purpose since it is desirable to avoid errors which may arise 


TaBLeE III 
Aspartic Acid and Glutamic Acid Obtained by Hydrolysis 
of Esterified and Reduced Chymotrypsinogen 
The results are expressed in terms of gm. of amino acid per 100 gm. of protein, 
and as numbers of residues (in parentheses) per molecule of weight 25,000. 


Aspartic acid Glutamic acid 
Reduction time Reduction time 
24 hrs. | 48 hrs. | 72 hrs. 24 hrs. | 48 hrs. | 72 hrs. 


Ksterification time, 33 hrs. 


8.05 (15.0) | 7.92 (14.9) | 8.00 (15.0) | 6.70 (11.4) | 6.88 (11.7) | 6.65 (11.3) 
7.90 (14.9) | 8.22 (15.5) | 7.56 (14.2) | 6.65 (11.3) | 7.16 (12.2) | 6.40 (10.9) 
Esterification time, 187 hrs. 

8.14 (15.3) | 7.40 (13.9) | 7.35 (13.8) | 6.58 (11.2) | 6.60 (11.2) | 6.65 (11.3) 

7.82 (14.7) | 7.30 (13.7) 6.93 (11.8) | 6.54 (11.1) 


in transfer of materials. Calculations based on the weight of protein 
used for analysis are unreliable when the protein is lyophilized from a 
large volume of solution. Small portions of the protein are sometimes 
blown into the condenser.. The use of total nitrogen as reference presup- 
poses that no nitrogen is lost from the protein during the preparation of 
the analytical samples; for example, by hydrolysis of amide groups by 
formic acid and sublimation of ammonium formate. If all amide nitrogen 
were lost in this way from chymotrypsinogen, which is improbable, the 
maximal error introduced into the calculations would be 8 per cent. This 
question was investigated by letting chymotrypsinogen stand in formic 
acid for 4 hours at room temperature and evaporating all of the solvent 
under a high vacuum in a rotary evaporator. No ammonia was found in 
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the condensate, although the experiment was designed to detect a loss 
of 0.2 per cent of the total protein nitrogen. We believe that total nitrogen 
is an accurate measure of protein in each analysis for cysteic acid. 

Cysteic acid was separated from each sample by chromatography on 
columns of Dowex 2 with chloroacetic acid as the eluting agent (31). 
Colorimetric ninhydrin assays of the fractions gave the results shown in 
Table IV. Neither time of oxidation between 4 and 24 hours nor time of 
hydrolysis between 16 and 32 hours significantly affected the amount of 
cysteic acid found in the hydrolysates. The values have not been corrected 
in any way for losses which may occur during treatment of the protein 
(cf. Schram et al. (31)). Recovery of cysteic acid from our columns was 
quantitative, and yields of cysteic acid from oxidized cystine ranged 


TABLE IV 
Cysteic Acid Content of Acid Hydrolysates of Oxidized Chymotrypsinogen 


The results are expressed in terms of gm. of amino acid per 100 gm. of unoxidized 
protein, and as numbers of residues (in parentheses) per molecule of weight 25,000. 


Time of oxidation 


4 hrs. | 24 hrs. 


Hydrolyzed 16 hrs. 


6.64 (9.8) | 6.39 (9.4) 
| 


Hydrolyzed 32 hrs. 


6.49 (9.6) | 6.56 (9.7) 


between 90 and 95 per cent. However, yields of cysteic acid from chy- 
motrypsinogen varied 10 per cent with small changes in technique in an 
unpredictable fashion. No controls have been found adequate. The 
results presented in Table IV were obtained in one particular series of 
runs which gave the highest yields. If we assume that this cysteic acid 
all arose from half cystine residues in native chymotrypsinogen, it appears 
that 10 such residues are present in each protein molecule. 


DISCUSSION 


The values for the amino acid composition of bovine a-chymotrypsinogen, 
as determined in the present investigation, may be compared with the 
values reported by Brand in 1948 (32) and by Lewis et al. in 1950 (33). 
These earlier assays employed for the most part microbiological methods, 
but also a few chemical and spectrophotometric methods. Values for 
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the basic amino acids agree within 5 per cent for all laboratories, and 
threonine and valine may also be added to this list. Of the remaining 
amino acids, agreement within 5 per cent is found between the present 
and earlier determinations for aspartic acid, proline, isoleucine, leucine, 
and tyrosine, but in each case only one of the two earlier values agrees 
with the present results. 

It should be noted that the analytical results expressed as number of 
residues per molecule of chymotrypsinogen (see Table 1) lie close to integral 
values for most of the amino acids. The exceptions are glycine, alanine, 
and valine, all of which occur in numbers larger than 20, and phenylalanine, 
which remains unexplained. 

A comparison of a-chymotrypsinogen with other proteins in regard to 
the rates of liberation and destruction of various amino acids shows that 
each protein has a distinctive pattern of behavior in acid hydrolysis. 
Decreases in aspartic acid, glutamic acid, arginine, and lysine during the 
acid hydrolysis of carboxypeptidase or papain have been reported by 
Smith and his coworkers (34, 35). Hirs, Stein, and Moore have reported 
decreases in tyrosine, aspartic acid, glutamic acid, proline, and arginine 
during the acid hydrolysis of ribonuclease (22). In the present study of 
chymotrypsinogen, none of these amino acids was found to decrease at 
between 24 and 72 hours of hydrolysis, at least within the limits of precision 
of about 2 per cent. On the contrary, proline was found to increase, 
along with increases in valine and isoleucine. This result suggests a bond 
between proline and one of these two latter amino acids which are known 
to form peptide bonds resistant to hydrolysis (cf. Harfenist (19); Smith 
and Stockell (34)). The decreases in serine, threonine, and cystine are in 
line with what has been found with other proteins; one would expect 
cystine to be extensively destroyed because of the high content of trypto- 
phan in chymotrypsinogen (36). 

In turning to the question of amide nitrogen, chymotrypsinogen may be 
compared with 6-lactoglobulin and insulin, two proteins whose behavior 
toward hydrolysis has been carefully studied by several methods (13, 23, 
25, 26). The release of ammonia from chymotrypsinogen was in all 
respects similar to the release of ammonia from these other two proteins. 
Three different methods of estimating the amide nitrogen as ammonia 
give close to twenty-four groups per molecule of chymotrypsinogen. That 
these determinations truly measure amide groups is indicated by an entirely 
independent method. A total of 25 or 26 residues of glutamic and aspartic 
acids is unaffected by esterification with methanol-acetic anhydride fol- 
lowed by reduction with lithium borohydride. 

The uncertainties in the interpretation of results obtained by esterifica- 
tion and reduction with a borohydride must be recognized. ‘There is the 
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possibility that esterification of free carboxyl groups is not complete. On 
the other hand, amide nitrogen may be lost slowly from the protein during 
esterification, and the newly liberated carboxyl groups may themselves 
be esterified. Our results appear to rule out these two possibilities. Very 
long and widely spaced times of reaction, 33 and 187 hours, were chosen 
with a view to establish this point. : 

The side reactions which may accompany the reduction of ester groups 
in esterified peptides and proteins have been discussed by Bailey (37), by 
Grassmann et al. (14), by Hérmann et al. (38), and by Crawhall and Elliott 
(39). Vigorous conditions may result in the reduction of peptide bonds 
to secondary amine groupings. Experiments with model peptides cited 
by the above authors would indicate that reduction of peptide bonds is 
unlikely under our conditions; namely, refluxing tetrahydrofuran, 0.1 M 
lithium borohydride, and protein as an insoluble phase. 

A more serious complication has been studied by Hérmann et al. (38). 
Treatment of glycyl-phenylalanyl-serine with methanol-acetic anhydride 
led to partial migration of the glycyl-phenylalanyl group to the hydroxy! 
group of serine. If glutaminyl or asparaginyl bonds in the protein were 
involved in such a shift during esterification, one would expect the lithium 
borohydride to reduce the new ester bonds of serine or threonine. Conse- 
quently, the amount of glutamic or aspartic acid found in the hydrolysate 
would be lowered by an amount corresponding to the acy! shift. 

A similar loss would occur if the glutaminyl or asparaginyl bond were 
involved in reductive cleavage of the kind reported by Crawhall and 
Elliott (39). Experiments with oligopeptides of silk fibroin and with 
lysozyme gave evidence that certain residues, particularly glycine and 
alanine, were reduced to amino alcohols with a concomitant cleavage of 
the chain. However, Hérmann et al. (38) could find no evidence for 
reductive cleavage in model experiments with a limited number of pure 
peptide esters. The results which we have obtained do not support the 
idea that glutamine was destroyed by reductive cleavage under our condi- 
tions, since extended reduction from 24 to 72 hours did not result in a 
significant decrease of glutamic acid in the hydrolysate. The decrease 
in aspartic acid might have been due to slow reductive cleavage of aspara- 
gine residues. On the other hand, it may have been due to slow reduction 
of one or more of the esterified carboxy] groups. 

The fluctuations in the estimations for glutamic acid and aspartic acid 
in the hydrolysates of reduced protein (see Table III) are not surprising 
in view of the above discussion and in view of the fact that the reaction is 
carried out with the protein as an insoluble phase. Therefore, the results 
must be accepted with reservation, but we believe that they are significant 
to within 1 residue as a measure of glutamine and asparagine. Of course, 
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glutamic acid or aspartic acid in the hydrolysates may arise from isomeric 
forms of the residues, either isoglutamine or isoasparagine, if any exist in 
the protein. 

Oxidation of chymotrypsinogen with performic acid, hydrolysis, and 
chromatography led to an average value for cysteic acid of 9.6 residues 
per mole. This value is in close agreement with the amount of cystine 
and cysteine found by Brand and Kassel (21) in hydrolysates of chy- 
motrypsinogen; the sum of these amino acids corresponded to 9.55 half 
cystine residues. All of our efforts and those of others (34) to detect 
sulfhydryl groups in denatured chymotrypsinogen have failed; therefore, 
residues of cysteine are not present in the protein. The recovery of 
sulfur in methionine from hydrolysates at 24 and 36 hours corresponds to 
0.22 per cent of the protein, and the sulfur recovered in cysteic acid cor- 
responds to 1.23 per cent. Brand and Kassel (21) reported the sulfur 
content of sulfate-free chymotrypsinogen to be 1.47 per cent. It appears 
that all protein sulfur is divided between methionine and residues which 
give cysteic acid upon oxidation with performiec acid. 


SUMMARY 


The amino acid composition of a-chymotrypsinogen has been deter- 
mined by chromatography on columns of Dowex 50. Changes in the 
amounts of the various amino acids in the acid hydrolysates were followed 
for 12, 24, 36, 48, and 72 hours of hydrolysis. Half cystine residues were 
separately determined as cysteic acid after oxidation of the protein with 
performic acid. Three different methods for the determination of amide 
nitrogen as ammonia were compared. Hydrolyses with 1 N NaOH, 
5 x HCl, and concentrated HCl led to concordant results which indicated 
close to twenty-four amide groups per molecule. 

For most of the amino acids, the analyses correspond to integral values 
for the number of residues in a molecule of weight 25,100. Essentially all 
of the weight and all of the nitrogen are accounted for by the recovered 
amino acids and amide nitrogen, if one adds also the content of tryptophan 
as reported by other investigators. 

A study has been made of the estimation of glutamine and asparagine 
residues in chymotrypsinogen by esterification of free carboxyl groups with 
methanol-acetic anhydride, reduction of the ester groups with lithium 
borohydride, and hy«rolysis of the reduced protein. Glutamine and 
asparagine appear in the hydrolysate as glutamic acid and aspartic acid, 
which are determined by a new chromatographic method. The significance 
and reliability of the results are discussed; it may be concluded that the 
results corroborate the amide nitrogen analyses and that each molecule of 
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chymotrypsinogen contains 11 + 1 residues of glutamine and 14 + | 
residues of asparagine, including any isomeric forms present. 


Thanks are due to Miss Anne Cederquist for technical assistance in 
chromatographic analyses. Facilities for chromatographic analyses were 
generously provided by Dr. Hans Neurath. His advice and interest are 
gratefully acknowledged. The work reported in this paper has been 
supported by a grant from the National Science Foundation (No. G-1108) 
and a grant from the Initiative 171 Research Fund of the State of Washing- 
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THE ROLE OF WATER IN ENZYMATIC HYDROLYSIS: 
GENERAL METHOD AND ITS APPLICATION 
TO MYOSIN* 


By D. E. KOSHLAND, Jr., anp EARL B. HERR, Jr. 
(From the Department of Biology, Brookhaven National Laboratory, Upton, New York) 


(Received for publication, April 8, 1957) 


The role of water in enzymatic hydrolyses has remained obscure be- 
cause of its high concentration and the difficulty of varying the water 
concentration without significantly changing the properties of the solvent 
or denaturing the enzyme. Therefore it is not known in any enzymatic 
reaction whether water reacts freely from solution (Fig. 1, A) or from a 
specific water site on the surface of the protein (Fig. 1, B). Lack of 
transferase activity would seem to imply that some discrimination in 
favor of water occurs but careful evaluation of the data indicates that, 
in view of the low concentration of acceptor (usually in the 10-* to 107 
M range) relative to water (55.5 M), even an equal reactivity of water 
and acceptor would escape detection by the analytical methods used. Be- 
cause of the importance of water in theories of enzyme action, a general 
method for evaluating its role was desired. Such a method was devised, 
and its application is herein described for the myosin-catalyzed hydrolysis 
of ATP.! 

The pioneer work of Needham (2) and the recent work of Morton (3) 
showed that no physiologically significant transferase activity could be 
detected for myosin. To extend this to an unambiguous assignment of 
the role of water, the following procedure was used. First, an acceptor 
which was similar to water in reactivity but detectable in low concentra- 
tions was chosen. Radioactive methanol fitted these requirements and 
allowed the enzymatic reaction to be performed at methanol concentra- 
tions which did not alter the solvent properties or denature the protein. 
Second, all possible radioactive products consistent with possible mech- 
anisms had to be examined. This meant in the case of myosin a search 
for methyl phosphate and methyl enzyme. Third, the relative non- 
enzymatic reactivities of water and methanol were shown to be approxi- 
mately constant for ATP and for a wide range of phosphate compounds. 
This established that the reactivity should be about the same whether 


* A preliminary report of this work has been published (1). Research was carried 
out at Brookhaven National Laboratory under the auspices of the United States 
Atomic Energy Commission. 

1 The abbreviations used are ADP, adenosine diphosphate; ATP, adenosine tri- 
phosphate; Pj, inorganic phosphate; Tris, tris(hydroxymethyl)aminomethane. 
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the acceptor attacked ATP itself or a phosphoryl-enzyme intermediate 
(cf. Fig. 1). Fourth, the relative reactivities of methanol and water in 
the myosin-catalyzed hydrolysis were determined. A value close to or 
equal to non-enzymatic value would be indicative of an attack from solution 
(Fig. 1, A). A value which was much different from the non-enzymatic 
value would establish a specific myosin-water interaction (Fig. 1, B). 


SINGLE DISPLACEMENT DOUBLE DISPLACEMENT 
MECHANISM MECHANISM 


A. FROM SOLUTION 


0. y | 
- OPO; PO3 Ad OPO; PO3Ad 


H20 


B. FROM WATER SITE 


0, Ae) 
H20 * - OPO; PO; Ad HO P OPO; PO; Ad 
om 


Fic. 1. Alternative roles of water in the myosin-catalyzed hydrolysis of ATP. 
The protein can act either by activating the ATP as a whole (left-hand side) or by 
way of forming a phosphoryl-enzyme intermediate (right hand side). In the case 
of activating ATP as a whole, the ATP itself is attacked by the water, and in the 
instance of forming a phosphoryl-enzyme intermediate, the attack is on the phos- 
phoryl-enzyme intermediate. 


EXPERIMENTAL 


Myosin was prepared by the procedure of Mommaerts and Parrish (4). 
The enzyme was dissolved in 0.5 m KCl and used immediately, and the 
final concentration of KCl was of the order of 0.02 mM. Protein concentra- 
tion was determined by the biuret reaction (5). 

ATP (Pabst) and creatine phosphate (Sigma) were obtained com- 
mercially. C'-Methanol was obtained from Tracerlab, Inc. (1 me. per 
mm.). Inorganic phosphate analyses were performed by the F iske- 
Subbarow (6) and isobutanol extraction (7) procedures. ‘Total phosphorus 
was determined by a digestion procedure (8), phenol by the Folin-Ciocalteu 
method (9), and the nitroprusside assay was used for the determination 
of sulfhydry! groups (10). 

Methyl! phosphate was synthesized by treating 0.1 mole of POC]; with 
0.2 mole of water and 0.1 mole of methanol. The methyl phosphate 
was separated and purified by the procedure of Butcher and Westheimer 


D. E. KOSHLAND, JR., AND E. B. HERR, JR. 1023 


(11) as described for ethyl phosphate. The product was treated according 
to the procedure of Crandall and Stewart (12) to remove dialkyl phosphate. 
The barium methyl phosphate was 95 per cent pure by phosphorus and 
carbon analyses (CH;0PO;Ba; calculated, P 12.5, C 4.8; found, P 11.8, 
C 4.4). : 

n-Butyl thiophosphate was synthesized? by treating sodium mercaptide 
with POCI;. The crystalline barium salt assayed as follows: CsHsSPO3Ba; 
calculated C 15.7, 8 10.2, P 10.5; found, C 18.8, 8 9.7, P 10.0. The cyclo- 
hexylamine salt was also prepared and melted with decomposition at 149- 
151°. 

In a typical enzyme run, Tris, CaCl,, and ATP were added to a solution 
containing either about 10-° m or about 10-* m C-methanol. The pH 
was adjusted to 7.0 and the enzyme reaction started by adding myosin. 
At the end of the incubation at 20°, an accurately known amount (about 
300 umoles) of carrier methyl phosphate was added and the reaction mix- 
ture was lyophilized. In some cases the myosin was inactivated by 
heating for 1 minute at 100° before lyophilizing, whereas in other instances 
it was not. The residue from lyophilization was taken up in 15 ml. of 
1 n HCl and the adenine nucleotides were removed by adsorption on Norit 
A according to the procedure of Crane and Lipmann (13), which was 
modified to use a final trichloroacetic acid concentration of 2 per cent. 
A 10 per cent excess of BaCl. was added to the filtrate to precipitate the 
inorganic phosphate. Solid KOH was then added to the end point of 
brom thymol blue and the barium phosphate removed by centrifugation. 


‘To precipitate methyl phosphate, a 10 per cent excess of BaCle and 1.5 


volumes of methanol were added. After it stood for 4 hours at 4°, the 
precipitate was plated and counted for C™ activity according to the proce- 
dure of Van Slyke, Steele, and Plazin (14). The residue on the planchet 
was dried at 100° for 1 hour and counted in a methane gas flow counter, 
after which the purity of the plated barium methyl phosphate was deter- 
mined by phosphorus analysis. 

To precipitate the barium methyl] phosphate again, the residue from the 
planchets was taken up in 1 N HCl and solid KOH was added to the end 
point of brom thymol blue. If a precipitate forms at this step, it is re- 
moved by centrifugation before addition of 1.5 volumes of methanol. The 
precipitation of the barium methyl phosphate was repeated until succes- 
sive fractions gave the same specific activity. From this final specific 
activity and the known amount of carrier added initially, the total radio- 
active methyl phosphate produced in the hydrolysis was readily calculated. 

In some of the enzyme runs it was desirable to isolate and count radio- 


2 The details of this synthesis and the kinetics of hydrolysis will be published else- 
where. 
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activity in the protein. This was done by lyophilizing the reaction mixture 
without inactivating the enzyme. The residue was suspended in water 
(pH 7.2) and a neutralized ethylenediaminetetraacetic acid solution, 
equimolar to the added calcium, was added to form the calcium ion com- 
plexes. 0.5 volume of cold methanol was added and the precipitated 
myosin removed and counted. 

The C™ activity of methanol was assayed by the persulfate oxidation 
procedure of Osburn and Werkman (15). The labeled CO: was trapped in 
Ba(OH).2-BaCle, plated, and counted by the procedures described above for 
barium methyl] phosphate. 

The non-enzymatic reactivities were determined by hydrolyzing the 
appropriate phosphate compound in 1 N HCl at 55° in a sealed tube. The 
amount of methyl phosphate was determined in two ways. In experiments 
at low methanol concentrations (about 10-? m), the radioactive methanol 
was used and the amount of methyl phosphate formed was determined by 
the radiochemical methods outlined above. In experiments at high 
methanol concentrations the methyl phosphate was determined by differ- 
ence. Thus, in the phenyl phosphate hydrolysis the difference between 
the phenol liberated and the inorganic phosphate liberated was equal to the 
methyl phosphate. Analogous differences could be used in the other 
cases. 

The relative reactivity of water and methanol was defined as the ratio 
of the bimolecular rate constants for the hydrolysis and methanolysis 
reactions. For example, the hydrolysis and methanolysis of creatine 
phosphate can be shown diagrammatically as 


inorganic phosphate + creatine (1) 


Creatine phosphate 


MeOH methyl phosphate (MeOP) + creatine (2) 


where the bimolecular rate equations for Equations 1 and 2 are 


ky (HzO) (creatine phosphate) (3) 
d(MeOP 
= k,, (CH;OH) (creatine phosphate) (4) 


Dividing Equation 3 by Equation 4 and integrating, one obtains 


kw _ (Pi),(CH,OH) 
km  (H2O)(MeOP), (5) 


where the ratio, h,/kn, is the relative reactivity of water and methanol. 
The right side of Equation 5 contains only experimentally determinable 
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quantities. The water and methanol concentrations do not vary appre- 
ciably during the run and are therefore equal to their initial concentrations. 
The (Pj): and (MeOP),; concentrations used are the values at the time at 
which the reaction was stopped and were determined as described above. 


Results 


In Tables I and II are shown the results for the non-enzymatic hydrolyses 
of the phosphate esters. Compounds representing C—O—P, C—N—P, 
C—S—P, and P—O—P bonds were studied and gave a range of relative 
reactivities varing from 0.4 to 2.5. The methods were not such as to 


TABLE I 
Non-Enzymatic Hydrolysis of Phosphate Esters in 12.5 m Methanol-Water Solutions 


Initial 
Phosphate compound Acidity hydtol- tration of kw/km 
compound 
hrs. per cent 
C—N—P | Creatine phosphate 1 n HCl 3 0.0052 | 100 1.0 
P—O—P Inorganic pyrophos-; 1‘ ‘“ 6 0.0049 | 100 2.7 
phate 
C—O—P | Phenyl phosphate | cei. 24 0.025 0.91 | 1.0 
48 0.025 2.1 1.08 
= 72 0.025 3.6 1.0 
pH 4.3 24 0.025 3.6 | 0.93 
4.3 48 0.025 7.2 1.1 
“4.3 72 0.025 11.1 1.0 
Ss—P n-Butyl thiophosphate | 1N HCl 4.5 | 0.0027 88 0.41 
22 0.0027 97 0.37 


determine these values to high accuracy; e.g., the range of 0.9 to 1.1 ob- 
served for phenyl phosphate is certainly within experimental error. How- 
ever, they are sufficiently accurate to establish a difference among the 
various phosphate esters. There is no doubt, for example, that the water 
versus methanol reactivity of pyrophosphate (k./km = 2.5) is different 
from that of creatine phosphate (k,/km = 1.0), which in turn is different 
from butyl thiophosphate (kw/km = 0.4). 

The results also establish the validity of the isotopic method and the 
lack of a significant concentration effect. The value for the reactivity 
ratio of pyrophosphate was shown to be 2.5 by chemical methods at high 
methanol concentrations and 2.4 by the isotopic method at 10-5 mM meth- 
anol. ‘The values for creatine phosphate are not in quite as close agree- 
ment (1.0 versus 0.7). There may be some concentration effect on the 
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relative reactivities but this was not investigated further in this work, 
since the small variation was unimportant for the purposes of the enzyme 
run. It is clear, however, that the isotopic method is sound and that 


TaBLeE II 


Non-Enzymatic Hydrolysis of Phosphate Esters in 10-5 mw Methanol Solutions 
The conditions were as follows: 55°, 1 N HCI, 4 hours. 


Initial 
concen- Phosphate Methanol 
compound 
mole per lI. per cent mole per l. 
Creatine phosphate..................... 0.044 100 3.9 0.7 
Inorganic pyrophosphate................ 0.025 100 2.1 2.4 
TABLE III 


Relative Reactivities of Water and Methanol 


The conditions were as follows: 0.1 Mm tris(hydroxymethyl)aminomethane; 0.036 
M CaCl, or 0.0036 mM MgCl,; 3 to 4.5 KX 107-3 m ATP; about 0.1 mg. of myosin per 
ml.; 20°; specific activity of methanol = 2 X 10" disintegrations per minute per 
mole; volume 50 ml. 


Epegiment | seta ion | pit in’ | Total activity | rence 
hrs per cent d.p.m. C.p.m. 
1 Catt 7.0 2.0 100 3.0 K 10° 0.38 + 1.1 410 
2 Mg** 7.0 2.0 100 3.0 KX 108° | —1.0 + 1.3 100 
3 Catt 9.0 2.0 100 3.0 X 10° | —0.6 + 0.99 246 
4 Mgt* 9.0 2.0 100 3.0 X 10° | —0.8 + 1.0 113 
5 Catt 7.0 0.75 85 1.4 X 109 3.0 + 0.7 336 
6 a 7.0 2.0 63 0.9 X 10° 0.4 + 0.6 930 
7 7.0 0.5 18 0.9 X 10° 0.1 + 0.7 250 
8 fs 7.0 2.0 81 0.9 X 10° 0.1 + 1.2 690 


* Relative reactivities calculated by use of the statistical error as the counting 
rate in all cases in which the statistical error is greater than the observed counting 
rate. 


variation in methanol concentration by factors of 10° has slight, if any, 
effect on the k,,/km ratio. 

The results of the enzymatic experiments are seen in Table III. In no 
case Was any sizable amount of radioactivity found in the methyl phosphate 
precipitate. In most cases the observed counting rate (sample minus 
background) was the same or less than the statistical error. In one in- 
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stance it was slightly more (Experiment 5) but even in this case it was only 
3 ¢.p.m. above background. ‘To obtain k./k», the observed counting 
rates are corrected for the geometry of the counter, the loss during purifi- 
cation, etc. In Experiment 5 the value of the observed counting rate was 
used for the calculation. In all the other cases the value of the statistical 
error was used since this was usually equal to or larger than the observed 
counting rate. The ratios are, therefore, really minimal values. By 
counting for longer periods the statistical error could have been reduced 
and the ky/km ratios increased, but the values were sufficiently large to 
establish the point of this work. . 

It is seen that performance of the experiments under a wide variety of 
conditions had no effect on the results. Thus, changes of Mgtt to Cat*, 
of pH from 7.0 to 9.0, the time of incubation from 0.5 to 2 hours, per cent 
hydrolysis of ATP from 18 to 100 per cent, and methanol concentrations of 
10-5 to 10-* m did not reduce the very high k,,/k» ratios. Control experi- 
ments with inactivated enzyme or without enzyme in the presence or 
absence of Ca++ and ATP showed similar low values for the amount of 
radioactive methyl phosphate, and one can conclude therefore that the 3 
c.p.m. observed in Experiment 5 were from some contamination rather 
than a genuine formation of methyl phosphate by myosin. In view of 
this, it is reasonable to believe that the high values are most. nearly the 
correct ones and that water is probably at least 1000 times more reactive 
than methanol in the myosin reaction. 

In the protein determination, also, no appreciable amount of radio- 
activity was detected. The protein isolated after the enzyme run with 
the use of the mild methanol precipitation, described under ‘Experi- 
mental,’’ showed no appreciable radioactivity. <A similar run in which the 
myosin was separated directly by addition of acid to pH 3.1 also gave no 
detectable radioactivity in the protein. 

The possibility arises that, since low methanol concentrations were 
used in the myosin reaction, the methanol may be absorbed non-specifically 
on the surface of the protein and hence is not available for the myosin 
reaction. In order to test this possibility, the reaction mixture was im- 
mediately lyophilized after 80 to 90 per cent hydrolysis of the substrate 
and the first ml. of distillate was assayed for C'“-methanol activity. It 
was found that the concentration of C'4-methanol present in the first ml. 
of distillate was 10 times that remaining to be distilled. This indicates 
that most, if not all, of the methanol is in solution and not adsorbed non- 
specifically on the surface of the protein. 


DISCUSSION 


The results described above justify the method devised for determining 
the role of water and allow a conclusion that there must be a specific 
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myosin-water interaction. The detailed reasons for this conclusion are 
described below. 

First, the use of radioactive methanol was shown to fulfil the require- 
ments of detectability at low concentrations. The importance of this is 
apparent from the results. Since the reactivities of water and methanol 
with various phosphate esters do vary slightly, it is necessary to have the 
enzyme-catalyzed reactivity so different that there is no doubt that it 
is caused by an entirely new phenomenon. This means a k,,/k», ratio at 
least a factor of 50 to 100 greater than the non-enzymatic values. Since 
the limit on this ratio depends directly upon the methanol concentration, 
and inversely upon the amount of methyl phosphate, which can be meas- 
ured, an insensitive assay method would require high methanol concen- 
trations. With the radioactivity it was possible to detect as little as 10~” 
mole of methyl phosphate, and hence methanol concentrations of 10~? to 
10-* m could be used to obtain the desired ratios. These low concentra- 
tions would be expected to have no effect on the solvent properties or phys- 
ical state of the enzyme and this was indeed confirmed by the fact that 
variation in the methanol concentration from 10~ to 10-5 m did not affect 
the results. 

Second, both the possible radioactive products in the myosin reaction 
were shown to be inactive. Previous studies with O” isotope had estab- 
lished that cleavage occurred between the terminal phosphorus and its 
bridge-oxygen atom (16). This meant that methyl phosphate rather than 
methyl ADP would be formed in a methanolysis reaction and that the 
lack of radioactive methyl phosphate was not simply a failure to add the 
correct carrier. An alternative mechanism was possible, 7.e. a nucleophilic 
attack upon the protein itself (compare Equations 6 and 7). As discussed 


K—OH + ATP — E—OPO; + ADP (6) 
H.0 + E—OPO;" H20---E- OPO; E—OH + HOPO;” (7) 


in the case of glutamine synthetase (17), this type of mechanism would 
agree with the O” results, but in the experiments with C“H;OH it would 
lead to unlabeled phosphate and radioactive enzyme (Equation 8). 


C4H;0H + E—OPO;- — E—OC"H; + HOPO;7 (8) 


The failure to observe any significant amount of radioactive protein 
indicates that, if this is the mechanism, there is again the same discrimina- 
tion between water and methanol as there is if the attack is directly on 
phosphate.’ 


3 This conclusion depends, of course, upon the assumption that the water and 
methanol are about equally reactive in the hydrolysis of the enzyme-oxygen bond. 
This would be expected from the data on phosphate compounds but to determine 
whether similar ratios are obtained for carbon compounds, glucose 1-phosphate, 
which hydrolyzes by C—O cleavage (18), was found to give a ky/km ratio of 1.0. 
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Third, the reactivities of water and methanol were shown to be suffi- 
ciently invariant for a wide range of phosphate compounds. Since it is 
possible that myosin acts through a phosphorylated-enzyme intermediate 
(16, 19), the phosphate compounds studied in addition to ATP itself repre- 
sented possible types of phosphorylated-enzyme bonds which might exist, 
i.e. the thiophosphate is assumed to be a fair model for a cysteinyl phos- 
phate derivative, the phenyl phosphate for tyrosy] phosphate, etc. The 
degree of invariance in reactivity is, of course, only relative. <A real range 
in values from 0.4 to 2.5 was observed. This would mean that a value of 
5 or even 10 for k,/km in the enzyme reaction could not be interpreted 
unequivocally. However, a relative reactivity for the enzymatic reaction 
far greater than this, e.g. a value of 200, would be so far outside the 0.4 to 
2.5 range that one would be justified in concluding that this cannot result 
from the free reaction of H2O with phosphorylated protein or adsorbed 
ATP. 

Fourth, the relative reactivity ratio for the myosin reaction was found 
to be different by a factor of at least 100 from the ratio for the non-enzy- 
matic reaction. The factor, as discussed above, is probably greater than 
this, but even a factor of 100 is sufficient to exclude the free reaction of 
water from solution. There must, therefore, be some specific myosin-water 
interaction. 

This protein-water interaction could be accounted for in three distinct 
ways: first, a specific water site in which water is adsorbed directly; second, 
a site for hydrated ATP in which water is only adsorbed in conjunction 
with the phosphate compound (in both of these cases the methanol or 
methanol-ATP complex could be excluded for steric or other reasons). 
A third alternative is a site for ATP only, which is approachable by water 
through a passageway which excludes methanol by steric obstructions. 
Although this alternative seems improbable, it cannot be rigorously ex- 
cluded at present. 

The methods and logic are described here in detail for the myosin reac- 
tion but are obviously general in nature and provide a convenient method 
for the delineation of the role of water in many enzymatic reactions. It 
has already been applied successfully to 5-nucleotidase and is being ex- 
tended to other hydrolyses. 


SUMMARY 


1. A general method for clarifying the role of water in enzymatic hy- 
drolyses has been developed. It depends upon a comparison of enzymatic 
and non-enzymatic reactivities of water and methanol. The use of ra- 
dioactive methanol makes it possible to determine the required ratios to 
high accuracy at low methanol concentrations. 

2. The method has been applied to myosin and it has been shown that 
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the relative reactivity of water to methanol (k,,/km) is certainly greater 
than 300 and probably greater than 1000 in the hydrolysis of adenosine 


triphosphate. 
3. The relative reactivities of water and methanol during non-enzy- 


matic decomposition were found to be in the range 0.4 to 2.5 for a wide 


variety of phosphate compounds. 
4. The great difference between the non-enzymatic and myosin rela- 
tive reactivities demonstrates a specific myosin-water interaction. 
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Earlier reports on the inactivation of FA! in the presence of liver extracts 
indicated the supplements required (1, 2) and described the enzymatic con- 
version of FA to a labile compound possessing the properties of FAH, 
(3). The reduction of FA by TPNH has been noted by Miller and Waelsch 
(4). Recently, the enzymatic reduction of FA to FAH, by a bacterial 
extract was described by Wright and Anderson (5). The results of Blakley 
(6) and Greenberg (7) suggested that FA was reduced to FAH, in the con- 
version of FA to a transformylation cofactor. Greenberg (7) also observed 
the reduction of FAH, by DPNH. 

Studies now indicate that FA and FAH, are reduced to FAH, with re- 
duced pyridine nucleotides in the presence of an enzyme system partially 
purified from chicken liver. In the presence of the FAH,-formylating 
system of Silverman e al. (8), the reaction product is converted to CF. 
The enzymatic reduction of FA and FAH; is strongly inhibited by amin- 
opterin in accord with previous results (3). 


Methods 


FAH, was determined by measuring its decomposition product, PABGA, 
by the Bratton-Marshall method (9). CF was estimated microbiologically 
(10). Protein was measured by the method of Lowry et al. (11). a-Keto- 
glutarate was determined by the 2,4-dinitrophenylhydrazine method (12). 

DPN and TPN were obtained from the Pabst Brewing Company. 
TPNH was obtained from the Sigma Chemical Company. DPNH was 
prepared by Na2S.O, reduction and purified by an unpublished method of 
Dr. R. M. Burton. A preparation of glucose dehydrogenase (13) was 


* Present address, Massachusetts Eye and Ear Infirmary, Boston, Massachusetts. 

! Abbreviations are as follows: FA, folie acid; FAH>2, dihydrofolic acid; FAHsg, 
tetrahydrofolic acid; CF, citrovorum factor (N°-formyltetrahydrofolie acid); DPN, 
diphosphopyridine nucleotide; DPNH, reduced diphosphopyridine nucleotide; TPN, 
triphosphopyridine nucleotide; TPNH, reduced triphosphopyridine nucleotide; 
PABGA, p-aminobenzoylglutamic acid. 
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kindly provided by Dr. B. Wright. N-Formylglutamic acid and the 
FAH,-formylating enzyme were prepared and provided by Silverman 
et al. (8). 

FAH2 was prepared as follows: 20 mg. of FA were suspended in 2 ml. of 
water and dissolved by the dropwise addition of N KOH. 5 ml. of a solu- 
tion of potassium ascorbate (pH 6.0, 100 mg. of ascorbic acid per ml.) and 
200 mg. of NaoS2O, were added. After 5 minutes at room temperature the 
solution was cooled to 0° and 2 nN HCl was added dropwise until the pH 
fell to approximately 2.8 (thymol blue). After several minutes at 0°, the 
precipitate of FAH. was recovered by centrifugation and suspended by 
stirring in 5 ml. of potassium ascorbate solution. 2 N HCl was added 
dropwise as before; the mixture was chilled and then centrifuged. The 
precipitate was washed four times with 10 ml. portions of cold 0.005 Nn 
HCl. The freshly prepared product, a flocculent white precipitate, could 
be stored at refrigerator temperature as a suspension in 0.005 N HCl. The 
dried product was a gray to gray-green powder which gradually turned 
yellow on storage. The spectral properties were similar to those described 
for FAH, by O’Dell et al. (14). In 0.01 Nn KOH, F233 = 21,000 and the 
ratio 283:340 my was 2.8 to 3.0. 

A freshly prepared suspension of FAH: in 0.005 n HCl contained essen- 
tially no diazotizable amine. However, if the pH was raised to 6.0, the 
compound decomposed, yielding a yellow degradation product as described 
by Wright and Anderson (5) and diazotizable amine as noted by Zakrzew- 
ski and Nichol (15) and Blakley (16). The diazotizable amine formed at 
pH 6.0 on standing overnight at room temperature or upon heating at 100° 
for 15 to 20 minutes accounted for as much as 50 per cent of the starting 


material. 


EXPERIMENTAL 


The enzyme solution was prepared from a dialyzed extract of commercial 
chicken liver (3). Operations were carried out at 0-3°. To 800 ml. of 
dialyzed extract 240 gm. of ammonium sulfate were added slowly with 
stirring. After 30 minutes the mixture was centrifuged and the precipi- 
tate discarded. 160 gm. of ammonium sulfate were added to the super- 
natant fluid. After 30 minutes the precipitate was removed by centrifu- 
gation, suspended in water, and dialyzed against distilled water until free 
from ammonium sulfate. A small precipitate was removed by centrifuga- 
tion and discarded. The dialyzed ammonium sulfate fraction (128 ml.) 
was stored frozen. A 20 ml. portion of the ammonium sulfate fraction 
(representing 125 ml. of dialyzed extract) was cooled in a —10° bath and 
6 ml. of ethanol were added with stirring. The precipitate was removed 
by centrifugation and discarded. To the supernatant fluid at —10°, 20 
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ml. of ethanol were added. The precipitate was collected by brief centrifu- 
gation, suspended in 16 ml. of water, and the insoluble protein discarded 
by centrifugation. The ethanol fraction was stirred with 554 mg. of cal- 
cium phosphate gel (17). The gel was recovered by centrifugation and 
activity was eluted by stirring for 30 minutes with 20 ml. of potassium 
phosphate buffer, 0.2 mM, pH 5.5. The mixture was centrifuged and the 
gel extracted again with the same buffer. The two eluates were pooled, 
dialyzed against distilled water, and stored frozen (Table I). 

In the ethanol precipitation step recovery of activity was variable. This 
step could be replaced by a preliminary treatment of the ammonium sul- 
fate fraction with calcium phosphate gel to remove inactive protein. When 


TABLE I 
Purification of Enzyme 
Fraction Total units* Recovery Specific activity 
per cent units per mg. 
Dialyzed extract.................. 14 ,290 100 5.1 
Ammonium sulfate................ 8,480 59.4 10.8 
Ethanol fraction.................. 4,610 32.3 26.6 


* A unit is defined as the amount of enzyme which converted 1 y of FA to FAH, 
in reaction mixtures which contained 100 umoles of potassium phosphate buffer, 
pH 6.0, 10 umoles of citrate, 10 umoles of MgSO,, 0.012 umole of TPN, 0.05 ml. of 
heart extract, 0.227 umole of FA, and enzyme fraction in a final volume of 1 ml. 
Incubation was for 1 hour at 37°. 


this was done, more of the original activity could be recovered in the final 
gel eluate, but the specific activity was somewhat lower. 

Previously (3), the supplements employed for the reduction of FA in the 
presence of a chicken liver extract were MgSQ,, citrate, DPN, and ATP. 
DPN and ATP could be replaced by catalytic levels of TPN. Citrate 
could be replaced by cis-aconitate or by a higher concentration of DL-iso- 
citrate. It was then apparent that isocitric dehydrogenase in the liver 
extract was generating TPNH for the reduction of FA. In the absence of 
MgSO, and citrate, the enzymatic reduction of FA at pH 6.0 occurred with 
TPNH, but not with DPNH. 

Although the partially purified enzyme was capable of reducing FA in 
the presence of citrate, MgSO,, and TPN, activity was increased by the 
addition of a dialyzed extract of commercial chicken heart, indicating a 
partial separation of the TPNH-generating system from the FA-reducing 
activity. The heart extract was prepared in the same way as the dialyzed 
liver extract (3), except that the tissue was homogenized in 3 volumes of 
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buffer. In the assay of fractions obtained in the purification procedure, the 
heart extract was employed to generate TPNH in the presence of citrate, 
MgSO,, and TPN and the results were corrected for the slight FA-re- 
ducing activity of the heart extract. 

When either citrate or pDL-isocitrate was employed to generate TPNH, 
the optimal pH for FA reduction was 5.5. FA was reduced in the presence 
of added TPNH and DPNH (Table II). In each instance maximal FA 
reduction was obtained at pH 5.0, but DPNH was only about one-fourth 
as active as TPNH. It seemed possible that the activity of DPNH might 
be due to the presence of a small amount of TPNH in the preparation and 
the presence of a transhydrogenase in the enzyme solution. 


TABLE II 
Reduction of FA by TPNH and DPNH 
FAH, produced 
pH 
TPNH DPNH 
mumoles mymoles 
3.5 17.6 1.57 
4.0 21.1 2.34 
4.5 22.4 5.46 
5.0 24.6 7.88 
5.5 19.3 6.65 
6.0 13.7 5.06 


Reaction mixtures contained 200 umoles of acetate buffer, 28 units of enzyme, 227 
mumoles of FA, and either 108 mumoles of TPNH or 130 mumoles of DPNH in a final 
volume of 1 ml. Incubations were for 30 minutes at 37°. 


The reduction of FAH, to FAH, by TPNH or DPNH with the liver en- 
zyme could be demonstrated with diazotizable amine production as an 
indication of FAH, formation. However, results were complicated by the 
non-enzymatic formation of PABGA from FAHz:. In the presence of 
N-formylglutamic acid and a transformylating enzyme (8), enzymatically 
generated FAH, was converted to the stable compound CF and assayed 
microbiologically. The enzymatic reduction of FA and FAH: was com- 
pared with use of glucose dehydrogenase to generate DPNH and TPNH 
and N-formylglutamate-CF transformylase to trap the FAH, produced. 
Under these conditions FA was reduced only by TPNH, while FAH, was 
reduced by both DPNH and TPNH (Table ITI). 

Attempts were made to demonstrate the stoichiometric utilization of 
TPNH for FAH, formation from FA and FAH, by measuring the a-keto- 
glutarate and PABGA produced in the presence of citrate and TPN. The 
a-ketoglutarate to PABGA ratio was always considerably greater than 2 
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when FA was reduced and larger than 1 when FAH», was reduced. This 
suggested the occurrence of side reactions in which TPNH reacted with 
pterin fragments arising upon cleavage of FAH,. This complication was 
overcome by enzymatically formylating the FAH, to CF. The a-keto- 


TaBLeE III 
Reduction of FA and FAH», by DPNH and TPNH Generated 
with Glucose and Glucose Dehydrogenase 


Substrate Nucleotide, 0.012 pmole CF synthesized 
mumoles 
FA, 0.272 pmole DPN 0.2 
TPN 14.4 
FAH2, 0.272 umole DPN 22.4 
TPN 21.5 


The reaction mixtures contained 40 uwmoles of glucose, 38.4 units of glucose de- 
hydrogenase, 4.57 wmoles of N-formylglutamate, 4.75 units of FAH,-formylating 
enzyme, 21 units of enzyme, and DPN or TPN with FA or FAH: as indicated in the 
table in a final volume of I ml. Incubations were for 90 minutes at 37°. 


TaBLeE IV 


Stoichiometry of CF and a-Ketoglutarate Formation 


a-Ketoglutarate 


Substrate a-Ketoglutarate* CF CF 
umole umole 
FA, 0.274 umole 0.145 0.0709 2.04 
FAH2, 0.314 pmole | 0.259 0.221 1.17 


Reaction mixtures containing 4 wmoles of MgSO,, 3 wmoles of citrate, 0.012 umole 
of TPN, 100 umoles of potassium phosphate buffer, pH 6.0, 4.57 umoles of N-formyl- 
glutamate, 4.75 units of FAH,-formylating enzyme, 18 units of enzyme, and FA or 
FAH: as indicated, in a final volume of 0.9 ml. were incubated for 1 hour at 37°. 

* The 2,4-dinitrophenylhydrazone prepared from reaction mixtures migrated as 
a single spot at the same rate as the 2,4-dinitrophenylhydrazone of a-ketoglutarate 
in n-butanol-ethanol-0.5 NH; (70:10:20), butanol-ethanol-H.O (50:10:40), and 
glyvcine-NaOH buffer 0.1 mM, pH 8.4 (18). 


glutarate to CF ratios (Table IV) indicated that 2 moles of TPNH were 
consumed per mole of FA reduced and 1 mole when FAH, was reduced. 

Aminopterin strongly inhibited the reduction of both FA and FAH, 
when a TPNH-generating system was used (Table V). In the presence 
of citrate and TPN, aminopterin did not inhibit the formation of TPNH. 
The reduction of both FA and FAH, in the presence of added TPNH or 
DPNH was inhibited by aminopterin. 

The quantity of FAH, formed from FA in reaction mixtures at pH 6.0 
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could be calculated from the decrease in optical density at 360 mu with 7 x 
10? as the molar extinction coefficient for FA. The absorption of FAH, 
is negligible in this region (14). To illustrate the agreement between the 
decrease in optical density at 360 my and the formation of diazotizable 
amine, a reaction mixture containing 300 uwmoles of phosphate buffer, pH 
6.0, 24 umoles of citrate, 12 wmoles of MgSQO,, 0.03 umole of TPN, 266 
units of enzyme, and 1.25 umoles of FA in a final volume of 9.0 ml. was 
incubated at 23°. From the decrease in optical density after 125 and 190 
minutes it was calculated that 0.519 and 0.694 uwmoles of FAH, were formed 
and 0.472 and 0.684 umoles of diazotizable amine were present in the reac- 
tion mixture. 


TABLE V 
Inhibition of Reduction of FA and FAH: by Aminopterin 
Substrate Aminopterin FAH, 
myumole mumoles 
FA, 0.454 umole 78.7 
0.0227 48.5 
0.0454 17.0 
FAHs, 0.656 umole 103 
0.0227 82.0 
0.0454 26.8 


Reaction mixtures containing 4 wmoles of MgSOx,, 3 umoles of citrate, 0.012 umole 
of TPN, 100 wmoles of acetate buffer, pH 5.0, enzyme (ammonium sulfate fraction, 
42 units), and additions indicated in the table in a final volume of 0.85 ml. were in- 
cubated for 1 hour at 37°. 


DISCUSSION 


It was shown that FA was enzymatically reduced to FAH, by added 
TPNH and DPNH. However, in experiments in which catalytic amounts 
of reduced pyridine nucleotides were generated at pH 6.0 it appeared that 
TPNH was required for the reduction of FA, while the reduction of FAH. 
occurred with either DPNH or TPNH, suggesting the participation of two 
enzymes in the reduction of FA to FAH,. It seemed likely that the activ- 
ity of the DPNH preparation in the reduction of FA was only apparent 
and in reality was due to the presence of traces of TPNH and transhydro- 
genase in the system. In the reduction of FA occurring in the presence 
of reduced pyridine nucleotides, there seemed to be no requirement for 
ATP, cation, or phosphate. 

The addition of a large excess of TPN inhibited the reduction of FA by 
TPNH. However, it was not possible to reverse the reaction by adding 
large amounts of DPN or TPN or by raising the pH of the reaction mix- 
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ture after enzymatic reduction of FA with ascorbate present in the reaction 


H, mixture to protect the FAH, formed (3). 
It became apparent in the course of attempts to establish the stoichiome- 


> try for the reduction of FA and FAH: that TPNH was utilized in side 
1H reactions with pterin fragments arising from the cleavage of the FAH, 
66 formed. The availability of an enzyme which would formylate FAH, in 
as the 5 position and thereby synthesize the stable compound, CF (8), made 


90 it possible to remove the FAH, as fast as it was formed. It was possible 
to carry out the reduction of FA to FAH, and its conversion to CF without 
the addition of a reducing agent. Estimation of the a-ketoglutarate 
formed from citrate indicated the amount of TPNH utilized in the reduc- 
tion, while microbiological assay of the CF formed gave the quantity of 
FAH, produced according to the following series of reactions: 


(1) 2 citrate — 2 isocitrate 
(2) 2 isocitrate + 2TPN — 2TPNH + 2CO, + 2 a-ketoglutarate + 2H* 
(3) 2TPNH + 2H+ + FA — 2TPN + FAH, 


(4) N-Formylglutamate + FAH, — glutamate + CF 
(5) 2 citrate + N-formylglutamate + FA — 
2CO, + 2 a-ketoglutarate + glutamate + CF 


(6) Citrate + N-formylglutamate + FAH, — 
: CO, + a-ketoglutarate + glutamate +CF 


E In the absence of either the FA-reducing or -formylating enzyme, no 
CF activity was produced in reaction mixtures. In the absence of FA 
no a-ketoglutarate was formed. 

The stoichiometric reduction of FAH. and subsequent conversion to 

CF indicate that the prepared compound is largely intact FAH, and not 
| significantly contaminated with FA. 
: Aminopterin had no effect on the generation of reduced pyridine nucleo- 
tides, but effectively blocked their utilization for the reduction of FA and 
FAH... As there was no accumulation of FAH. when the reduction of 
FA was inhibited by aminopterin, it would appear that both steps in the 
reduction of FA to FAH, are blocked by the inhibitor. 


SUMMARY 


An enzyme system that reduces folic acid (FA) and dihydrofolic acid 
(FAH,) to tetrahydrofolic acid has been partially purified from chicken 
liver. Reduced triphosphopyridine nucleotide (TPNH) appeared to be 
required for the reduction of FA, while FAH. was readily reduced by either 
TPNH or reduced diphosphopyridine nucleotide. The reaction product 
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was enzymatically formylated to CF. Aminopterin inhibited the reduc- 
tion of both FA and FAH2. FAHs: was prepared by the reduction of FA 
with NaS.O, in the presence of ascorbate. 


The author wishes to thank Dr. Milton Silverman for helpful discussion 


and for suggesting the use of the formylating system to convert FAH, to 
citrovorum factor (CF). The author is grateful to Dr. John C. Keresztesy 
for advice concerning the manuscript and to Mrs. Marjorie K. Romine 
and Miss Rita C. Gardiner for assistance with the CF assays. 
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The deoxyribonucleases! of animal tissues are of two types which are 
readily distinguishable by the conditions necessary for activity on their 
substrate, DNA. The pancreatic DNase, which has been crystallized by 
Kunitz (1), is active in neutral solution in the presence of magnesium or 
certain other divalent cations (2). The DNase predominant in most 
other tissues is active at a lower pH, in the presence of adequate ionic 
strength, but does not specifically require divalent ions. The difference of 
pH requirement for the activity of the DNase of pancreas and that of other 
tissues upon the DNA in histological preparations was observed by Catche- 
side and Holmes (3). The acid-active DNase was partially purified 
from spleen by Maver and Greco (4) and its action upon DNA solutions 
was studied. The presence of this activity was soon confirmed and ex- 
tended to other tissues (5-9). Methods of subcellular fractionation have 
indicated that the enzyme is located in the mitochondria (10-13). 

Partial purifications of the acid-active DNase of thymus have been 
described by Webb (14) and by Laskowski e# al. (15), and partial purifica- 
tions of the DNase of spleen have been described by McDonald (16) and 
by Maver and Greco (17). 

The actions of thymic DNase and pancreatic DNase have been compared 
by Privat de Garilhe and Laskowski (18, 19) by means of ion exchange 
chromatography of their digests of calf thymus DNA. Under their 
conditions, the digests obtained with thymic DNase contained more 


* The research described in this paper was supported by a grant from the National 
Cancer Institute of the United States Public Health Service. 

Portions of this manuscript are taken from a dissertation submitted by J. F. 
Koerner in partial fulfilment of the requirements for the degree of Doctor of Philos- 
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Tt Present address, Department of Biology, Massachusetts Institute of Technology, 
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1 The following abbreviations are used: DNase, deoxyribonuclease; DNA, deoxy- 
ribonucleic acid; T-A buffer, a buffer composed of tris(hydroxymethyl)aminometh- 
ane and acetate; the molarity refers to the total concentration of tris(hydroxy- 
methyl)aminomethane. 
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mononucleotides than did those obtained with the pancreatic DNase, 
although the remaining fractions were of greater average size in the digest 
with thymic DNase. 

This paper describes a purification procedure for splenic DNase and 
some properties of the purified product. The procedure is specifically in- 
tended to remove other enzymes with possible action upon polydeoxyribo- 
nucleotides. Another paper describes the nature of the polynucleotides 
formed by this purified enzyme preparation. 


Materials and Methods 


Assay for Splenic DNase—This procedure was based upon the increase of 
the ultraviolet absorption of DNA during degradation, first described by 
Kunitz (1), and adapted for the optimal conditions of activity of the splenic 
DNase. 

The substrate solution contained thymus DNA to give an absorbance at 
260 mu of 1.0, and was 0.33 Mo in sodium formate buffer, pH 4.5. 2.9 ml. of 
substrate solution were warmed in a test tube on a 37° water bath. The 
sample to be assayed (with a volume no greater than 0.1 ml.) was added, 
and the solution quickly stirred and transferred to a 1 cm. path quartz 
cell in a cuvette holder previously warmed to 37° in a temperature-regulated 
cuvette housing attachment to the Beckman spectrophotometer. The 
Ago Was read each minute for 10 to 15 minutes against a reference cell of 
substrate solution. The linear portion of the increase in absorption, 
after the initial induction period of lesser slope, was graphically extrapolated 
to give the rate of increase of absorption per 10 minutes time, and this 
rate multiplied by 1000 was defined as the total number of DNase units 
in the sample volume assayed. This assay was linear and reproducible 
within about 10 per cent over the range of 100 to 500 DNase units per 
sample. Because of the induction period of the degradation, assays on 
less than 100 units were less reliable, although semiquantitative results 
could be obtained on samples with as few as 30 units. 

When the turbid suspensions encountered during the initial stages 
of the DNase preparation were assayed, 1 volume of the suspension was 
added to 1 volume of a solution which was 1 m in KC] and 0.3 M in am- 
monium acetate buffer, pH 4.5, the mixture was centrifuged, and the clear 
supernatant solution was assayed. This procedure recovered all the 
DNase activity that was active at pH 4.5 and that could be removed with 
salt solutions. 

Assay for Splenic Phosphodiesterase—A mixture of 0.1 ml. of 2 M am- 
monium acetate buffer, pH 4.5, 1 ml. of 0.001 m calcium [bis(p-nitropheny])- 
phosphate], (20), water, and a sample to give 1.5 ml. total volume was 
incubated for 12 hours at 37°. 1.5 ml. of 1 M ammonium hydroxide 
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were then added and the A449 was read against a blank of buffer and sub- 
strate which received identical treatment. The Aq obtained was defined 
as the total phosphodiesterase unit in the sample. 

Since a number of enzymes active against this substrate are present in 
spleen, the assay as described was arbitrary and did not attempt to attain 
optimal conditions for any of them. It was generally quite reproducible 
and linear on a given sample up to 0.1 to 0.2 phosphodiesterase unit. Since 
phosphodiesterases active against the polynucleotides obtained with spleen 
DNase might not have been detected with this substrate, and conversely 
enzymes inactive on polydeoxyribonucleotides seemed to degrade this 
substrate, this assay could be used only as an empirical criterion for the 
evaluation of fractionation procedures. 

Assay for Splenic Acid Phosphatase—A mixture of 1 ml. of 0.002 m 
disodium p-nitrophenylphosphate (20), 0.1 ml. of 2 M ammonium acetate 
buffer, pH 5.5, enzyme, and water to give a total solution volume of 1.5 
ml. was incubated for 30 minutes at 37°. 1.5 ml. of 1 M ammonium hy- 
droxide were then added. The Ago read against a blank of reagent and 
buffer was defined as the total phosphatase unit in the sample. 

This assay determined a definite phosphatase fraction in spleen. If this 
phosphatase was present in a DNase preparation, it liberated inorganic 
phosphate during a DNA digestion, apparently by the removal of the 
monoesterified phosphate of the polynucleotides. 

Purification of Splenic DNase—All operations were carried out in the 
cold room at 1°. 1800 gm. of spleen from cattle were cut into small 
pieces and ground in aliquots in a Waring blendor with a total of 9 liters of 
0.05 M ammonium acetate buffer, pH 4.5. Each aliquot was ground for 
about 2 minutes at the full speed of the blendor. This homogenate was 
strained through cheesecloth and was then stored for 3 to 4 days. 550 
gm. of Celite 545 were added and the mixture was collected by suction 
onto an 18.5 X 22.5 inch rectangular filter.’ 

The precipitate was washed successively with 2 liters of 0.05 M ammonium 
acetate buffer, pH 4.5, 8 liters of 0.1 M ammonium acetate buffer, pH 4.5, 
and 1 liter of a solution 0.2 M in ammonium acetate buffer, pH 4.5, and 
0.005 M in ammonium sulfate. The DNase fraction was then extracted 
with 2 liters of a solution 0.2 mM in ammonium acetate buffer, pH 4.5, 
and 0.05 M in ammonium sulfate. The extract was stored in the cold 
for 1 week. After this time, as much of the clear supernatant liquid as 


2 The filter used, accommodating a sheet of chromatographic paper, consisted of a 
rectangular metal tray with an outlet tube leading to a suction flask. In the bottom 
of the tray was a heavy mesh metal grille upon which rests a fine mesh brass screen. 
These two parts were sealed to the edge of the tray with wax. This type of filter 
gives a greater flow rate per unit area than a Biichner funnel and can be made in 
very large sizes. 
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possible was decanted from the precipitate, and the remainder collected 
by centrifugation. The precipitate was discarded. 

This extract was heated with stirring on a 62° water bath until its tem- 
perature reached 58°. It was held at 58--60° for 15 minutes and was then 
cooled to 1°. 3 gm. of Celite were added and the suspension was filtered 
through an 11 cm. diameter Biichner funnel. 

To 1 volume of the heat-treated filtrate was added 0.11 volume of 1.5 
M formic acid to bring the pH to 3.5. 0.43 volume of absolute ethanol 
was added to 1 volume of this solution at pH 3.5 and the mixture was 
cooled to 1° with a dry ice bath. 3 gm. of Celite were added and the 
suspension was filtered onto a very thin Celite pad on a Biichner funnel 
11 cm. in diameter. To 1 volume of this filtrate, 0.4 volume of absolute 
ethanol was added. The suspension was allowed to stand for 30 minutes, 
2 gm. of Hyflo Super-Cel were added, and it was then filtered onto a 
thin Hyflo Super-Cel pad 11 cm. in diameter. To 1 volume of this filtrate, 
0.5 volume of absolute ethanol was added. The suspension was allowed to 
stand for 30 minutes, 4 gm. of Hyflo Super-Cel were added, and it was 
then filtered onto a thin Hyflo Super-Cel pad 11 cm. in diameter. The 
precipitate was washed with 200 ml. of 66 per cent ethanol. The filter 
pad was suspended in 66 per cent ethanol and transferred to a filter 3 ¢m. 
in diameter. The DNase fraction was washed from this filter pad by 
allowing 50 ml. of water to percolate through the filter. The turbid 
aqueous filtrate was centrifuged and the precipitate was discarded. 

All these filtrations had to be started with very gentle suction or the 
precipitate would run through the filter. As filtration proceeded, the suc- 
tion could be increased. | 

Chromatography on Celite—To prepare the column, Celite 545 was 
suspended in distilled water, allowed to settle about 20 minutes, and 
the fine particles were decanted and discarded. This washing was repeated 
several times. <A thick suspension of washed Celite was then poured 
into a column 4.5 cm. in diameter equipped with a sintered glass-bottomed 
plate. Enough Celite was added to give a column height of about 25 
em. The column was washed with 1 liter of a solution 0.02 mM in T-A 
buffer at pH 8.5 and 4 Mm in NaCl, then with 250 ml. of water, and was 
then rapped sharply against a desk top, after which it could be compacted 
by the application of slight air pressure. The final length of the column 
was adjusted to 20 cm. 

Before the chromatography, a series of solutions was prepared, each of 
20 ml. volume, 0.05 m in T-A buffer at pH 8.5, and 0.001 m in ethylenedia- 
minetetraacetate, and with the following sequence of sodium chloride 
concentrations in the series: 0.005, 0.010, 0.017, 0.025, 0.033, 0.043, 0.055, 
0.069, 0.083, 0.10, 0.12, 0.14, 0.17, 0.20, 0.23, 0.26, 0.30, 0.34, 0.39, 0.45, 
0.52, 0.60, 0.69, 0.79, 0.91, 1.05 M. 
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The amount of solution of ethanol precipitate which contained 3,000,000 
units of DNase was added to the Celite column. The above eluting solu- 
tions were added in order, each one being forced onto the column with 
sufficient air pressure to add the 20 ml. in about 40 seconds. The effluent 
was collected in 20 ml. fractions and the active fractions were pooled. The 
activity appeared in the effluent during the addition of the solutions 
ranging from 0.26 to 1.05 mM in sodium chloride content. 

Vig. 1 illustrates the position of the DNase, the two phosphodiesterase 
peaks, and the phosphatase in a typical chromatogram. The larger 
phosphodiesterase peak was just beginning to appear when this particular 
experiment was terminated. This peak has been observed in its entirety 
in other experiments. 
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Fic. 1. Chromatography of splenic deoxyribonuclease on Celite. @, DNase 
activity; O, phosphodiesterase activity; X, phosphatase activity. 


To concentrate the eluate, the active fractions were adjusted to pH 5.5 
with 1 m acetic acid, and the solution was added to a Celite column 1 
cm. in diameter and 10 cm. in length. The column was then washed 
with 10 ml. of a solution 0.01 M in ammonium acetate buffer, pH 5.5, 
and 0.001 Mm in ethylenediaminetetraacetate. The DNase was eluted 
with a solution 1 M in sodium chloride, 0.1 mM in T-A buffer, pH 8.5, and 
0.001 m in ethylenediaminetetraacetate. The first 4 ml. of effluent col- 
lected after addition of the eluting solution were discarded; then 0.5 
ml. fractions were collected. The active fractions were pooled. The 
salt could be removed by dialysis. 


Results 


Purification of DNase—Table I lists the concentrations, yields, and 
purifications attained at each step of the DNase preparation. The 
ratio of DNase to phosphodiesterase activity (Table I) is computed for 
equal volumes of sample in the two assays. The ratio of DNase activity 
to Aeso is defined as the number of DNase units contained in a solution 
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1 ml. in volume and having an absorbance of 1.0 at 280 mu with a cell 
length of 1 cm. 

Thermal Stability of DNase—The splenic DNase is more stable to heating 
in acidic than in alkaline solution (14). It withstands heating in 0.1 m 
formic acid at 60° for 30 minutes with little loss of activity. At pH 4.5 
it has a half life of approximately 100 minutes at 65°, when in 0.2 M acetate 
buffer. At pH 8.5, its stability has decreased to such an extent that it 
has a half life of only 10 minutes at 45°. 


TABLE 
Purification of Splenic DNase 


Approxi- Total DNase! Yield f DN DN 
— eMunits single step 
ml, per cent 
Homogenate......... 10,000 (34,000,000 500 
DNase extract....... 1,700 (15,000,000 45 8, 206 4,400 
Supernatant of heat 
fractionation....... 1,700 (15,000,000, 100 12,000 6,700 
Solution of ethanol 
40 (12,000,000 80 12,000 150 ,000—200 , 000 


Carried out on 3,000,000 units of DNase 


Celite chromatogram 


efiuentf........... 200 3,000,000, 100 (100,000-400,000 200 , 000-400, 000 


DNase concentrate... 3.5) 2,000,000 67 50 , 000-200 , 000. 


* DNase to phosphatase ratio of solution of ethanol precipitate, 800. 
t Phosphatase undetectable in effluent of Celite chromatogram. 


Activation, pH Optimum, and Inhilition—The requirement of salt for 
splenic DNase activity which was noted by other workers has been verified. 
lig. 2 shows the activation at pH 4.5 by potassium chloride and by mag- 
nesium chloride. Salts of various monovalent anions and cations seem 
to be equivalent in their action. The optimal salt concentration is about 
0.15 to 0.25 m. At higher concentrations, the activity again decreases. 
The optimal concentration for the divalent magnesium ion is about 0.04 
M. 0.1 m solutions have little activity. The maximal activity is about 
half as great as is attained with monovalent ions. 

The variation of activity with pH, with 0.15 m sodium chloride as the 
activator, is shown in Fig. 3. The variation of activity with pH with 0.05 
M magnesium chloride as activator is similar to that illustrated for 0.15 


M sodium chloride. 
Fig. 3 also illustrates the activation by a series of dilute acetate buffers 


| | | 

} 

| 


Il 


M 


J. F. KOERNER AND R. L. SINSHEIMER 1045 


ACTIVITY 16 
0.5 
0.2 0.3 


MOLARITY OF SALT 
Fic. 2. Activation of splenic deoxyribonuclease by salts. O, KCl; @ , MgCl, 


ACTIVITY 
1.0 
4 
| | l _e| 
4.0 5.0 6,0 


pH 


Fic. 3. Variation of activity of splenic deoxyribonuclease with pH. @, activity 
in the presence of 0.15 M NaCl plus dilute acetate buffer; O, activity in the presence 
of 0.15 M sodium acetate buffer. 
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x 
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0,005 0,0! 
MOLARITY OF ANION 


Fic. 4. Inhibition of splenic deoxyribonuclease activity by polyvalent anions. 
O, sulfate; @ , phosphate; X, arsenate. 


of varying pH values and constant total acetate concentration. As is 
shown, a pH maximum other than 4.5 may be observed under these condi- 
tions because such buffers are varying both in pH and in ionic strength. 
Such activity curves can be duplicated by activity measurements obtained 
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in the presence of a negligibly small buffer concentration and the ap- 
propriate concentration of sodium chloride necessary at each pH to give 
an ionic strength equal to that of the acetate buffer previously used. It 
should be noted that an “optimum” at a pH other than 4.5 obtained in 
this manner is never as high as could be obtained at pH 4.5 under ideal 
conditions of ionic strength. This observation may account for some of 
the discrepancies of pH optima reported in the literature (9-11). 

Many polyvalent anions are inhibitory to the DNase activity. Fig. 4 
shows the inhibition of activity by the addition of sulfate, phosphate, and 
arsenate ions to solutions with 0.33 m sodium formate buffer, pH 4.35, 
as the activator. 


DISCUSSION 


After homogenization of the spleen for 2 minutes at pH 4.5, the DNase 
activity was bound to the insoluble material. A similar step carried out at 
pH 3.8 or pH 7 would have yielded most of the activity in the supernatant 
solution. The homogenate at pH 4.5 had then to be stored in the cold 
for several days before filtration and extraction because, if filtered im- 
mediately, different preparations yielded extracts which required different 
ethanol concentrations for the step in ethanol precipitation. There was 
no appreciable loss of DNase activity during storage. 

After extraction of the DNase from the insoluble residue, it was stored 
for 1 week before the procedure was continued. The activity was usually 
observed to increase during this storage. Whatever the initial activity 
of the solution, the activity after storage amounted to about 45 per cent 
of that which could be removed from the homogenate by adding an equal 
volume of 1 m KCl and assaying the supernatant fluid. The missing ac- 
tivity could not be recovered from any of the wash solutions or by extrac- 
tion of the residue with 1 m KCl. That most of the loss was not due to 
adsorption onto the Celite filter aid was shown by the fact that nearly 
as much loss occurred when the extraction procedure was carried out 
by collecting the precipitates in a centrifuge without the use of Celite. An 
activity increase upon storage of even greater magnitude than that ob- 
served in this preparation was noted by Webb in his preparation of thymic 
DNase (14). 

The heat fractionation used in this procedure was similar to that de- 
scribed by McDonald (16). 

During ethanol precipitation, the inactive material was removed in two 
steps, the second fraction being taken at an ethanol concentration which 
would have caused an appreciable precipitation of DNase if approached 
in one step. The active DNase fraction obtained by ethanol precipitation 
still contained two phosphodiesterases and a very powerful phosphatase 
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P activity. As will be shown in another paper, this phosphodiesterase 
fe activity, assayed on bis(p-nitrophenyl) phosphate, does not seem to be 
It involved in the degradation of DNA by DNase preparations at this stage 
n of purification, but such evidence could be gained only by further fractiona- 
ul tion of the activities. The phosphatase present at this stage does attack 
of the polynucleotides in the DNase digest, as was shown by the liberation 
of inorganic phosphate in digests made with these preparations. 
4 The Celite chromatographic procedure described separated the DNase 
d completely from the phosphatase and from much of the phosphodiesterase. 
F The phosphodiesterase appeared as two peaks and is hence considered as 


two different enzymes, although it could be a single protein with an anom- 
alous elution pattern. 

The DNase eluate from the Celite column was extremely dilute.  Al- 
though reasonably stable in the presence of ethylenediaminetetraacetate, 
it was not possible to dialyze this solution or carry out conventional 
concentration procedures without heavy losses. The column concentra- 
tion procedure yielded a solution which was stable and could be dialyzed 
: against water or pH 4.5 or pH 8.0 buffer without loss. 
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SUMMARY 


A procedure for the purification of splenic deoxyribonuclease is described. 
This procedure separates the deoxyribonuclease activity from acid phospha- 
tase and from much of the phosphodiesterase detected with bis(p-nitro- 


phenyl) phosphate. 
The pH optimum of the purified enzyme is near pH 4.5 under condi- 


tions of optimal ionic strength. 
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A DEOXY RIBONUCLEASE FROM CALF SPLEEN* 
Il. MODE OF ACTION 


By JAMES F. KOERNER anp ROBERT L. SINSHEIMER{ 
(From the Department of Physics, Iowa State College, Ames, Iowa) 


(Received for publication, February 18, 1957) 


When highly polymerized deoxyribonucleic acid! is digested with pan- 
creatic DNase and the digest further degraded with phosphodiesterase 
from intestinal mucose or snake venom, the mononucleotides formed 
are 5’-phosphates (1, 2). Since a digest prepared in this manner with a 
purified venom diesterase contains only 5’-mononucleotides and practically 
no nucleosides or polynucleotides (3, 4), the pancreatic DNase must form 
only polynucleotides with 5’-monoesterified phosphate end groups. Re- 
cently the enzymatic synthesis of polydeoxyribonucleotides from deoxy- 
ribonucleoside 5’-triphosphates has been demonstrated (5). Thus both 
enzymatic synthesis and degradation of deoxyribonucleic acids have as 
yet involved only derivatives with 5’-monoesterified phosphate. 

This paper presents evidence that the DNase isolated from spleen (6) 
yields polynucleotides with 3’-monoesterified phosphate end _ groups. 
Recent data by Cunningham, Catlin, and Privat de Garilhe (7) suggest 
that the DNase from Micrococcus pyogenes may act in a similar manner. 


Materials and Methods 


Splenic DNase was prepared by the method described in Paper I of 
this series (6). 

DNA used in this study was from a single preparation of calf thymus 
DNA. ‘The preparative procedure was essentially the ‘““Method A” of 
Marko and Butler (8), scaled up for 1200 gm. of thymus tissue, and with 


* The research described in this paper was supported by a grant from the National 
Cancer Institute of the United States Public Health Service. 

Portions of this manuscript are taken from a dissertation submitted by J. F. 
Koerner in partial fulfilment of the requirements for the degree of Doctor of Phi- 
losophy at Iowa State College. 

t Present address, Department of Biology, Massachusetts Institute of Technology, 
Cambridge, Massachusetts. 

t Present address, Division of Biology, California Institute of Technology, Pasa- 
dena, California. 

! The following abbreviations are used: DNase, deoxyribonuclease; DNA, deoxy- 
ribonucleic acid; T-A buffer, a buffer composed of tris(hydroxymethy])aminometh- 
ane and acetate; the molarity refers to the total concentration of tris(hydroxy- 
methyl) aminomethane. 
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the centrifugations performed in a Sharples centrifuge. The resulting 
DNA was of lower viscosity than some preparations made by the method 


of Mirsky and Pollister. (9), and also yielded a small white precipitate: 


when degraded with either pancreatic or splenic DNase. (This  pre- 
cipitate presumably represents a small amount of unextracted protein.) 
Pancreatic DNase digests from this preparation and from preparations 
made by the method of Mirsky and Pollister were identical both as to 
the end point of digestion and to products isolated by ion exchange chroma- 
tography (10). 

Prostatic phosphatase was generously supplied by Dr. Gerhard Schmidt. 
This enzyme can be assayed by the same procedure as that used for splenic 
acid phosphatase (6). 

The method of preparation of venom phosphodiesterase previously 
described (4) does not provide solutions of sufficient specific activity for 
convenient use against the highly resistant substrates encountered in 
this study. A new acetone precipitation procedure was therefore devised 
which yields preparations of adequate concentration and freedom from 
5’-nucleotidase. These preparations were assayed by a more convenient 
and rapid modification of the earlier assay method 

Assay for Venom Phosphodiesterase—A substrate solution of 10 ml. of 
calcium bis(p-nitrophenyl)phosphate, 3 ml. of 0.3 M magnesium acetate, 
10 ml. of 0.1 m T-A buffer, pH 8.8, and 6 ml. of water was made within a 
few hours of use. The calcium bis(p-nitrophenyl)phosphate solution was 
0.001 mM in the reagent salt and 0.01 M in ammonium acetate buffer, pH 
4.5. (This acidic solution will keep for many weeks in the cold, whereas, 
if basic, the substrate deteriorates rapidly.) 

2.9 ml. of the substrate solution were added to a spectrophotometer 
cuvette and warmed to 37° in a cuvette housing attachment with thermo- 
stat. The sample to be assayed (not greater than 0.1 ml.) was stirred in 
and the absorbance at 440 my read. After 10 minutes incubation, the 
A449 Was read again and the difference between the two readings, multiplied 
by 1000, was recorded as the total phosphodiesterase activity of the sample. 
This assay was linear with respect to concentration to an activity of about 
3900 units. 

Purification of Venom Phosphodiesterase—A water solution of 16.7 mg. of 
lyophilized Crotalus adamanteus venom per ml. of water was left at room 
temperature for an hour and then centrifuged. (This and subsequent 
centrifugations were carried on for 15 minutes at 4000 to 5000 r.p.m.) 
To 1 volume of the clear supernatant solution was added 0.67 volume 
of 0.50 M ammonium acetate buffer (0.50 M in total acetate), pH 4.00, 
and this buffered venom solution was stored in the cold room (2°), where 
all subsequent procedures were carried out. 
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10.0 ml. of buffered venom were added to a centrifuge tube, and 7.25 
ml. of reagent grade acetone at —20° pipetted rapidly on to this solution. 
The tube was covered tightly with aluminum foil and swirled rapidly to 
mix the reagents. After it stood for 30 minutes, the mixture was centri- 
fuged and the supernatant liquid was decanted into another centrifuge 
tube. (A slightly turbid supernatant liquid at this stage was occasionally 
observed.) 1.4 ml. of acetone were added and the solution was stored 
for 12 hours with the tube stoppered. It was then centrifuged and the 
clear supernatant solution decanted into another centrifuge tube. 1.2 
ml. of acetone were added and this solution was centrifuged after being 
allowed to stand for 30 minutes. ‘The final active precipitate was dissolved 
in water. 


TABLE I 
Purification of Venom Phosphodiesterase 


of Biuret assay (11) 


Solution sample Activity = 


ml, units 


Buffered venom solution.......................... 0.025 215 0.415 
Supernatant from Ist acetone precipitation....... 0.050 240 

Water solution of purified phosphodiesterase...... 0.010 384 0.220 


This method was capable of excellent results, but occasionally a prepa- 
ration would contain a large amount of 5’-nucleotidase. For this reason, 
several tubes were prepared simultaneously and assayed individually for 
5’-nucleotidase. 50 wl. of a satisfactory final solution would release less 
than 1 y of inorganic phosphate from adenosine 5’-phosphate when in- 
cubated for 12 hours under the conditions previously described (4). Table 
I summarizes the results of this preparation. 

Determination of Monoesterified Phosphate in DNase Digests—The number 
of phosphate diester bonds hydrolyzed by pancreatic DNase can be easily 
determined by addition of standard base to neutralize the acid released 
by the formation of secondary phosphate (12-16). However, since the 
splenic DNase degradation must be run in acidic solution, the secondary 
phosphate released is not ionized and does not affect the pH of the solution. 
In addition, many amino groups on the purine and pyrimidine bases 
become ionized during the degradation, and liberate hydroxyl ions. The 
secondary phosphate released can be crudely determined by adding 
standard acid to maintain the pH at 4.5 during the digestion, titrating 
through the pH region of amino and secondary phosphate ionization with 
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standard base, and subtracting the moles of hydroxy] ion released by the 
amino groups from the total moles titrated. In addition, a small correction 
for the moles of base needed to titrate the undegraded DNA is necessary. 
Although such a determination has many uncertainties, the results ob- 
tained have agreed reasonably well with the results obtained more directly 
by an enzymatic determination of monoesterified phosphate. 

The acid-prostatic phosphatase of Schmidt (17) is free from diesterase 
activity against polynucleotides from pancreatic DNase digests, and has 
been used to remove the monoesterified phosphate from the small poly- 
nucleotides of such digests during structural determinations (18). How- 
ever, larger polynucleotides form complexes with the inorganic phosphate 
after its release, which interfere with the determination of inorganic phos- 
phate by the usual phosphomolybdate procedure.2 Therefore a modified 
inorganic phosphate determination, patterned after the method of Lowry 
and Lopez (19) but carried out at an elevated temperature to break the 
polynucleotide-inorganic phosphate complex, has been employed. By 
release of the monoesterified phosphate with prostatic phosphatase and 
determination of the inorganic phosphate in this manner, it is possible 
to obtain a measure of the monoesterified phosphate arising during a 
DNase digestion.* 

During degradation by splenic DNase, the results obtained by this 
method agreed with results obtained by the cruder titration method which 
has been described. As will be seen, these results also agree with a third 
estimate of end groups, obtained without use of phosphatase, by means 
of degradation of the polynucleotide mixture with a concentrated venom 
phosphodiesterase preparation. 

A measured volume of DNase digest, estimated to contain 5 to 10 y 
of monoesterified phosphate, 0.050 ml. of prostatic phosphatase, 1 ml. 
of 0.2 M ammonium acetate buffer, pH 5.5, and water to make a solution 
volume of 1.5 ml. was incubated for 4 hours‘ at 37°. 1 ml. of 0.5 M am- 
monium acetate buffer, pH 4.0, 0.3 ml. of 1 per cent ascorbic acid, and 
0.3 ml. of 1 per cent ammonium molybdate in 0.05 Nn sulfuric acid were 
added. The solution was placed in a 60° water bath for 20 minutes and 
then allowed to stand at room temperature for 30 minutes, after which 
the absorbance at 825 my was read. 


2 These polynucleotide-phosphate complexes are sufficiently stable that the inor- 
ganic phosphate will not appear in its customary place on an anion exchange resin 
chromatogram of such a mixture. 

3 Control experiments with digests produced by pancreatic DNase yielded results 
by this method which were in good agreement with the data obtained by titration of 
the acid released during the degradation. 

4 This monoesterified phosphate procedure yields constant results with prostatic 
phosphatase incubation times ranging from 45 minutes to 16 hours. 
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A phosphatase control (the same as above, except that water replaced 
the DNase digest), DNase digest control (as above, except that water 
replaced the phosphatase), standards (as above, except that known amounts 
of inorganic phosphate replaced the phosphatase), and a blank (water 
replaced both the phosphatase and the DNase digest) were made up at 
the same time as the digest, and all determinations were carried through 
the entire procedure simultaneously. Appropriate controls and blank 
were subtracted from all determinations. Total phosphate was determined 
in the DNase digest by hydrolysis to inorganic phosphate by the perchloric 
acid procedure of Allen (20), followed by a phosphomolybdate determina- 
tion of the inorganic phosphate by a procedure similar to that of Ammon 
and Hinsberg (21), by use of ascorbic acid (1 per cent) as a reducing agent 
for 20 minutes at 60°. 

Kinetics of Degradation of DNA—AI\|l DNase digests were carried out 
with a concentration of 10 mg. of DNA per ml. and in a solution 0.02 M 
in ammonium acetate buffer, pH 4.5, and 0.15 m in sodium chloride. The 
DNA and the stock buffer and sodium chloride solutions were dissolved 
in sufficient water that the final concentrations would be at these values 
after addition of the DNase solution. At this concentration of DNA, 
the resulting solution was a heavy gel. DNase solution of the desired 
amount was added, and the mixture was incubated at 37° with frequent 
shaking until the substrate had liquefied. The small precipitate derived 
from the contaminant in the DNA was then removed by centrifugation, 
and the incubation was continued. At various times, appropriate aliquots 
of the digest were removed and added to an amount of tris(hydroxymethy])- 
aminomethane solution calculated to raise the pH to approximate neu- 
trality. The mouths of the tubes containing these samples were sealed 
with aluminum foil and the tubes were heated on an 80° water bath for 
20 minutes to inactivate the DNase.’ Then the monoesterified phosphate 
was determined as previously described. 


Results 


Kinetic Studies—Fl ig. 1 presents the results of experiments with different 
concentrations of the purified DNase. There is evidently a rapid degra- 
dation of DNA until about 10 per cent of the phosphate links is hydrolyzed. 
Further degradation at a rate which is more than an order of magnitude 


5 If the thermal inactivation of the DNase is carried out at pH 4.5, a small, but 
detectable amount of purine bases is hydrolyzed from the polynucleotides. Heating 
in neutral solution, under the conditions given, has no detectable effect on the poly- 
nucleotides. This has been verified by comparative analyses of heated and unheated 
aliquots of a solution in which the DNase digestion had been continued for many 
hours, so that further DNase attack during the analysis of the unheated control was 


negligible. 
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less than the initial rate of hydrolysis occurs until approximately 20 per 
cent of the links is hydrolyzed. At very high enzyme concentration still 
further degradation occurs, and, although in one experiment over 30 per 
cent of the phosphate links was hydrolyzed, no definite end point has 
been observed for the hydrolysis. 

The continued slow release of monoesterified phosphate could be an 
action of the splenic DNase or could be caused by a contaminating phospho- 
diesterase which continued to release end groups slowly after the DNase 
action was complete. In order to decide vetween these possibilities, the 
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rate of slow release of monoesterified phosphate (between a monoesterified 
phosphate to total phosphate ratio of 0.1 and 0.2, as illustrated in Fig. 1) 
was compared with the rate of the initial DNase action, as determined 
by the rate of increase of ultraviolet absorption of the DNA substrate, 
for various DNase preparations. If the slow degradation is produced by 
the DNase, its rate would be the same at a given DNase concentration, 
as measured by the method of increase of ultraviolet absorption, in DNase 
samples from different stages of purification and with differing DNase to 
phosphodiesterase activity ratios. This has been found to be the case in 
a number of preparations. <A solution of DNase after the ethanol precipi- 
tation step, with a DNase to phosphodiesterase activity ratio of 10,000, 
gave the same rate of slow degradation as a sample after Celite chroma- 
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tography with a DNase to phosphodiesterase ratio of 180,000 (at equal 
levels of DNase activity). 

That the phosphodiesterase activity which remains with the DNase 
after the Celite chromatography is not responsible for the slow degradation 
can be demonstrated by comparison of preparations in which the DNase 
has been selectively partially inactivated after the chromatography step. 
(Such preparations were accidentally obtained at times by use of concentra- 
tion procedures in the absence of ethylenediaminetetraacetate.) At a 
given DNase concentration, the same rates of slow degradation were 
obtained with such preparations for which the DNase to phosphodiesterase 
ratio varied from 40,000 to 180,000. Since the slow degradation is in- 
dependent of the phosphodiesterase concentration assayed by the synthetic 
substrate, and since it parallels DNase activity during purification pro- 
cedures and partial inactivation of the DNase, it is considered to be a 
property of the DNase and not of a contaminant. 

The very slow final stages of the degradation shown in Fig. 1 are ob- 
tained at such a great DNase concentration that small amounts of con- 
taminants in the preparation could have detectable effects. Since residual 
phosphatase activity is detectable at these concentrations, the possible 
role of phosphodiesterase activity was not examined. 

End Group Studies—To obtain information about the position of the 
bonds hydrolyzed by the DNase and the specificities of the enzyme, if any, 
the DNase action was halted at various degrees of degradation, and the 
terminal groups present in the resultant polynucleotide mixtures were 
determined by means of further degradation with prostatic phosphatase 
and with venom phosphodiesterase, with chromatographic analyses of 
the final digests. 

Table II summarizes the results of five such experiments. DNA solu- 
tions with a DNA concentration of 10 mg. per ml., 0.02 mM in ammonium 
acetate buffer, pH 4.5, 0.15 m in sodium chloride, and with the desired 
concentration of splenic DNase were incubated to attain the desired ratio 
of monoesterified phosphate to total phosphate, by consideration of the 
results of previous experiments. After incubation, the digests were ad- 
justed to neutrality with tris(hydroxymethyl)aminomethane and heated 
on an 80° water bath for 20 minutes to inactivate the DNase. If phospha- 
tase digestions were to be carried out, the pH was then adjusted to 5.5, 
0.050 ml. of phosphatase was added per ml. of DNase digest, and the solu- 
tion was incubated for 4 hours at 37°. The phosphatase was then in- 
activated by shaking for 30 minutes with ether, with subsequent extraction 
of the ether with spectroscopic grade cyclohexane. Phosphodiesterase 
digestions were carried out at pH 9.2 at 37° in the presence of 0.01 M 
magnesium ion. If a large amount of phosphodiesterase was used, the 
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digest, after incubation, was heated to 80° for 20 minutes and then centri- 
fuged to remove the bulk of the protein which would otherwise interfere 
with the subsequent determinations. The digests were fractionated on 
Dowex 1-8 anion exchange resin columns by the methods® previously 
described (23, 24). 

The molar fraction of nucleotide residue in each column fraction was 
calculated from the ratio of the moles of monomer in each fraction to the 
moles of total phosphate in the digest. The moles of known compounds 
were determined from their published molar absorbancies (10). The 
molarities of unresolved mixtures and unknown polynucleotides were 
calculated by assuming a molar absorbancy at 270 mu of 10,500. Since 
the absorbancies of all of the major mononucleotides are within +5 per 
cent of this value, this average should give results within other experi- 
mental errors. 


DISCUSSION 


Possible Modes of DNase Action—If we assume that splenic DNase 
catalyzes the hydrolysis of DNA without any rearrangement of nucleotide 
sequence or structure and (as observed) without release of inorganic 
phosphate, we might conceivably find, among the products of digestion, 
polynucleotides with either 3’- or 5’-terminal phosphates, with both 3’- 
and 5’-terminal phosphates, or with no terminal phosphate. The presence 
and relative proportions of such products can be deduced from analyses 
of the products of further degradations with phosphatase, with phosphatase 
and then venom phosphodiesterase, and with venom phosphodiesterase 
alone. The conclusions to be drawn from such analyses will rest upon 
the assumption that venom phosphodiesterase will break all phosphodiester 
bonds in the polynucleotides at the links to the 3’ positions. That this 
is the case for polydeoxyribonucleotides with a 5’-terminal phosphate 
and for those with no monoesterified phosphate has been verified by studies 
on the polynucleotides from pancreatic DNase digests (18). That it will 
do so with polydeoxyribonucleotides with a 3’-terminal phosphate and 
with those with both a 3’ and 5’ end group is less certain. Heppel, Ortiz, 
and Ochoa (25) and Cohn and Volkin (26) report that small polyribonucleo- 
tides with 3’-terminal phosphate are resistant to this enzyme. 

When the DNase digestion is carried to the extent used for Experiments 


° To separate the nucleosides, the nucleoside fractions from the column, were lyo- 
philized, dissolved in water, and separated by descending paper chromatography 
by use of a butanol-ammonia-water system (22). The nucleosides were located by 
viewing the dried paper under an ultraviolet light. The individual spots were cut 
out, eluted with 5 ml. of 0.05 mM ammonium acetate buffer at pH 4.3 and their absorp- 
tion spectra were measured by using as a blank samples of the paper of equal area and 
eluted under the same conditions. 
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1, 2, and 3, no significant absorption is eluted in an ion exchange chromato- 
gram of the DNase digest under the conditions employed to elute the 
further degradation products (nucleosides, nucleotides, and nucleoside 
diphosphates) listed in Table Il. For this reason, very small amounts 
of these substances can be detected if produced by subsequent degradation. 

Experiments 1 and 2—The conditions of phosphodiesterase digestion in 
Experiments | and 2 were adequate for the quantitative degradation of a 
pancreatic DNase digest to mononucleotides. The fact that the sub- 
stances in these splenic DNase digests were not completely degraded in 
this way, unless the monoesterified phosphate was first removed as in 
Experiment 2, proved that there were polynucleotides in this digest of a 
character different from those in the pancreatic DNase digest. This 
was further shown by the presence of the nucleosides in Experiment 1. 
With the indicated assumptions, the near-equality of the amount of 
nucleoside in Experiment 1 with the amount of monoesterified phosphate 
determined with the phosphatase led to the conclusion that all the poly- 
nucleotides in the splenic DNase digest had a 3’-terminal monoesterified 
phosphate. It was then postulated that the incomplete digestion by the 
phosphodiesterase in Experiment 1 was the result of the presence of this 
type of end group. 

Nucleoside Diphosphates—To determine whether this resistance to 
complete degradation with phosphodiesterase was an absolute resistance 
or was only relatively great (in comparison with the digest run with the 
terminal phosphates removed), Experiment 3 was run with a much larger 
concentration of phosphodiesterase. In this case there appeared in the 
dinucleotide portion of the chromatogram four compounds, each with a 
spectrum closely resembling one of the mononucleotides. Of the com- 
pounds that might be found in the dinucleotide region of the chromatogram, 
only the nucleoside diphosphates would be limited to four in number and 
with unmixed nucleotide spectrum. That these substances were the 
nucleoside 3’,5’-diphosphates which would be expected from a complete 
phosphodiesterase degradation of polynucleotides with a 3’-terminal 
phosphate was proved by demonstration that the compounds with the 
spectra of thymidine, adenosine, and guanosine contained 2 moles of 
total phosphate per mole of mononucleotide absorption, and that all of 
this phosphate could be released as inorganic phosphate by means of 
prostatic phosphatase. The compound with the spectrum of cytidine 
was not isolated in sufficient amount for this determination. 

Since the nucleoside diphosphates represented the 3’-monoesterified 
phosphate ends of the polynucleotide chains, and the nucleosides’ rep- 

7 No simple reason can be advanced for the greater amount of thymidine recovered 


in Experiment 1 than in Experiment 2. Since these experiments were performed only 
once in this manner, this result may be an analytical error. 
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resented the end groups of the chains distal to the monoesterified phos- 
phate, these compounds indicated that the splenic DNase had no specificity 
with regard to the purine and pyrimidine bases adjacent to the phospho- 
diester linkages hydrolyzed. 

With even the high diesterase concentration used in Experiment 3, 
the digest was not completely broken down to nucleosides, nucleotides, 
and nucleoside diphosphates, as was shown by the recovery of some 
polynucleotides of mixed spectra. This result accounted for the low 
recovery of nucleoside diphosphates in comparison with the nucleosides. 

Experiments 4 and 5—-When the initial DNase digestion was carried to 
the extent shown in Experiments 4 and 5, a considerable amount of mono- 
nucleotides and small polynucleotides was formed by the action of the 
splenic DNase alone. The mononucleotides formed by the DNase were 
nucleoside 3’-phosphates. This was indicated by their elution pattern 
on Dowex 1-X8 resin, which was different from that of nucleoside 5’- 
phosphates, and also by experiments demonstrating their resistance to 
the 5’-nucleotidase of rattlesnake venom. Experiment 5 showed that 
this type of digest is extremely resistant to venom phosphodiesterase. 
The nucleoside diphosphate peaks could be discerned, but they were 
greatly obscured by undegraded polynucleotides. The nucleoside fraction 
was smaller than would be expected from the ratio of monoesterified 
phosphate to total phosphate. 

Action of Venom Phosphodiesterase—A reasonable explanation for this 
great resistance to phosphodiesterase in Experiments 4 and 5 would be 
the assumption that smaller polynucleotides with only a terminal 3’- 
monesterified phosphate are completely resistant to the enzyme. The 
lesser resistance of larger 3’-terminal polynucleotides to complete degrada- 
tion by this enzyme can be explained by assuming that, if the polymer 
chain is sufficiently long, it can be broken at some link by the enzyme to 
produce a polynucleotide with no monoesterified phosphate and a poly- 
nucleotide with a 3’ end group on one end of the chain and a 5’ end group 
on the other. The polynucleotide with no end group phosphate would 
be readily degraded to a nucleoside and to mononucleotides. The poly- 
nucleotide with both a 3’- and 5’-monoesterified phosphate would be 
further attacked from the end of the chain with the 5’-phosphate (27). 
As this attack continued, a 5’-phosphate end group would always be 
liberated to facilitate further attack by the enzyme, until finally a dinucleo- 
tide with both a 3’- and 5’-monoesterified phosphate would be produced, 
and this compound, unlike the simple dinucleotide with only a 3’-phosphate 
end group, would still be susceptible to attack and be cleaved to a mono- 
nucleotide and a nucleoside diphosphate. 
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SUMMARY 


1. A procedure is described for the determination of the amount of 
monoesterified phosphate in large polydeoxyribonucleotides. This method 
utilizes the hydrolysis of the monoesterified phosphate end groups with 
prostatic phosphatase, followed by a special method of determination of 
the inorganic phosphate released. 

2. By use of this procedure, it was found that splenic deoxyribonuclease 
(DNase) hydrolyzes deoxyribonucleic acid rapidly to polynucleotides with 
a monoesterified phosphate to total phosphate ratio of about 0.1. The 
hydrolysis then continues at an ever decreasing rate. No definite end 
point has been observed. The degradation cannot be related to any 
phosphodiesterases in the preparation. The characteristics of the cause 
of degradation remain constant with purification and with partial in- 
activation of the principal enzyme. 

3. Secondary degradations of splenic DNase digests with prostatic 
phosphatase, with phosphatase plus venom phosphodiesterase, and with 
venom phosphodiesterase alone, and analyses of the products by ion ex- 
change chromatography indicate that the polynucleotides formed by the 
splenic DNase have the monoesterified phosphate in the 3’ position. 
The DNase shows no preference for specific purine or pyrimidine bases 
adjacent to the phosphodiester linkages hydrolyzed. 

4. Venom phosphodiesterase is capable of completely degrading a 
sufficiently large polydeoxyribonucleotide with 3’-terminal phosphate 
to nucleotides, a nucleoside, and nucleoside diphosphate. Small poly- 
deoxyribonucleotides with 3’-terminal phosphates are resistant to the 
enzyme. 

5. The splenic phosphodiesterase of Hilmoe will degrade a splenic DNase 
digest to deoxyribonucleoside 3’-phosphates in high yield. 


Addendum; Degradation with Splenic Phosphodiesterase of Polynucleotides Pro- 
duced by Splenic DNase—The splenic phosphodiesterases of Heppel and Hilmoe (28) 
and of Maver (samples of which were generously furnished by Dr. R. J. Hilmoe and 
Dr. L. A. Heppel) both degrade polyribonucleotides to 3’-mononucleotides, but the 
two enzymes are distinguished by differing specificities on certain substrates. Since 
splenic DNase yields polydeoxyribonucleotides with terminal 3’-monoesterified 
phosphates, such a digest might be a substrate for further degradation with these 
enzymes. Preliminary experiments have indicated that a splenic DNase digest, 
containing polynucleotides of a monoesterified phosphate to total phosphate ratio of 
0.1, is highly resistant to Maver’s enzyme, but is readily degraded with Heppel’s 
enzyme to a digest containing less than | per cent of nucleosides and 80 per cent or 
more of mononucleotides which are deoxyribonucleoside 3’-phosphates (resistant to 
the 5’-nucleotidase of rattlesnake venom). This result supports the contention that 
the polynucleotides formed by splenic I)Nase have terminal 3’-monoesterified phos- 
phates. This enzymatic degradation should provide a useful new route to the prepa- 
ration of deoxyribonucleoside 3’-phosphates. 
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Paper, hemin, and extraction, Morri- 
son and Stotz, 123 


Chymotrypsinogen: a-, amino acid com- 
position of, Wilcox, Cohen, and Tan, 
999 
Citrate: Oxidation, by mitochondria, 
kidney, De Luca, Gran, Steenbock, 
and Reiser, 469 
Clostridium perfringens: knzyme, oroso- 
mucoid, action upon, Popenoe and 
Drew, 673 
Clostridium sticklandii: Reductase, pro- 
line and racemase from, Stadtman 
and Elliott, 983 
Cortisone: Serum albumin conjugates 
with, characterization, Erlanger, 
Borek, Beiser, and Lieberman, 713 
Creatine: Normal and protein-depleted 
animals, Van Pilsum, 145 
Creatine phosphate: Normal and protein- 
depleted animals, Van Pilsum, 
145 
Cytochrome: Reductase, microsomal, 
purification and properties of, Stritt- 
matter and Velick, 785 
Cytosine: Dihydro-. Dihydrocy- 
tosine 


See 


D 


Dehydrase: Imidazoleglycerol phos- 
phate. See Imidazoleglycerol phos- 
phate dehydrase 


INDEX 


Dehydrogenase: Succinic. See Succinic 


dehydrogenase 

Deiodinase: Monoiodotyrosine, nucleo- 
tide, triphosphopyridine, require- 
ment, Stanbury, 801 


Deoxyribonuclease: Spleen, mode of ac- 
tion, Koerner and Sinsheimer, 1049 
—, purification and properties, Koer- 
ner and Sinsheimer, 1039 
Deoxyribonuclease II: Specificity, from 
thymus, Laurila and Laskowski, 
49 
Deoxyribonucleic acid(s): Chemically 
reactive groups, Reiner and Zamen- 
hof, 475 
Dephosphorylation: [i:nzymatic, phos- 
phatidice acids, Smith, Weiss, and 
Kennedy, 915 
Diaminopurine: 2,6-, 5’-phosphoribosy]- 
2-methylamino-6-aminopurine, con- 
version by Escherichia coli, Remy 
and Smith, 325 
Diet: Glucose-6-phosphatase, liver, ef- 
fects, Freedland and Harper, 743 
Dihydrocytosine: Derivatives, pyrimi- 
dine, Green and Cohen, 601 
Dihydrofolic acid: Reduction, enzy- 
matic, to tetrahydrofolic acid, 
Futterman, 1031 
Diphosphopyridine nucleotide: Enzy- 
matic hydrogen transfer, stereo- 
specificity, Levy and Vennesland, 
85 
Sulfhydryl compounds, addition, van 
Eys and Kaplan, 305 
(Distearoyl -L-a - glycerylphosphoryl)-L- 
serylglycylglycine: O-, peptides, 
phosphatidyl, Baer, Maurukas, and 
Clarke, 181 


E 


Enolase: Reaction, chemical kinetics, 
mixed solvents, relation, Westhead 
and Malmstrém, 655 

Enzyme: Dephosphorylation, phospha- 
tidic acids, Smith, Weiss, and Ken- 


nedy, 915 
Succinate-cleaving, preparation and 
properties, Seaman, 149 
System, stabilized, amino acid incor- 
poration, Sachs, 23 


nie 
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Enzyme—continued: 

Transfer and hydrolysis, glutamine 
and asparagine, relation, Grossowicz 
and Halpern, 643 

Enzyme: See also Dehydrase, Dehy- 
drogenase, etc. 

Epithelium: Corneal, pyruvate, phospho- 
gluconate oxidation pathway, ef- 


fect, Kinoshita, 247 
Escherichia coli: Conversion, use of, 
Remy and Smith, 325 
Hydroxymethylation, ketopantoate 
formation, McIntosh, Purko, and 
Wood, 499 
Esterase: Phosphomono-. See Phos- 
phomonoesterase 


Ethyltestosterone: 11-Oxygenated, Mar- 
shall, Ralls, Saunders, and Riegel, 
339 


F 


Fatty acid: Deficiency, mitochondrial 
changes, effect, Levin, Johnson, and 


Albert, 15 
Interconversions, Lactobacilli, Hof- 
mann, Henis, and Panos, 349 
Folic acid: Dihydro-. See Dihydro- 


folic acid 
N'0-Formyl-. See Formylfolic acid 
N'°-Formylfolic acid, formation from, 
Miller and Waelsch, 383 
Reduction, enzymatic, to tetrahydro- 
folic acid, Futterman, 1031 
Tetrahydro-. See Tetrahydrofolic 
acid 
Formamidinoglutaric acid: N'°-Formy]l- 
folic acid, formation from, Muller 
and Waelsch, 383 
Tetrahydrofolic acid, formimino trans- 
fer, Miller and Waelsch, 397 
Urocanic acid, conversion, Miller and 
Waelsch, 365 
Formimino acid: Formamidinoglutaric 
acid, tetrahydrofolic acid, transfer, 
Miller and Waelsch, 397 
Formylfolic acid: N}°-, formamidinofolic 
acid, formation, Miller and Waelsch, 
383 
formamidinoglutarie and folie 
acids, formation from, Miller and 
Waelsch, 383 
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Fumaric reductase: Activity, succinic 
dehydrogenase, Massey and Singer, 


263 
G 
Gluconate: Phospho-. See Phosphoglu- 
conate 
Glucosamine: N-Acetyl-. See Acetyl- 
glucosamine 


Glucosamine 6-phosphate: Liver, syn- 
thesis, enzymatic, Pogell and Gryder, 
701 
Glucose-6-phosphatase: Liver, dietary 
effects, Freedland and Harper, 
743 
Glucuronic acid: Inositol, conversion, by 
kidney extracts, Charalampous and 
Lyras, 1 
Uridine diphosphate, isolation, from 
seedlings, mung bean, Solms and 
Hassid, 357 
Glutamine: a-Chymotrypsinogen, amino 
acid composition in, Wilcor, Cohen, 
and Tan, 999 
Enzymatic transfer and hydrolysis, 
relation, Grossowicz and Halpern, 
643 
Glutaric acid: Formamidino-. See 
Formamidinoglutaric acid 
Glyceric acid: Phospho-. See Phospho- 
glyceric acid 
Glycine: Carcinoma, transport, concen- 
tration and energy. dissipation, 
Heinz and Mariant, 97 
Glycine-2-C!4: Hemoglobin, incorpora- 
tion, non-uniform, in vivo and in 
vitro, Kruh, Dreyfus, Schapira, and 
Padieu, 113 
Gonadotropin(s): Pituitary, human 
plasma, concentration, Antoniades, 
Pennell, McArthur, Ingersoll, Ul- 
felder, and Oncley, 863 
Guanidinated derivative: Insulin, physi- 
ologically active, Evans and Saroff, 
295 


H 


Hemin(s): Extraction and chromatog- 
raphy, paper, Morrison and Stotz, 
123 
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Hemoglobin(s): Glycine-2-C™, incor- 
poration, non-uniform, in vivo and 
in vitro, Kruh, Dreyfus, Schapira, 
and Padieu, 113 

Normal and sickle cell, at 0° and 38°, 
Murayama, 231 

Histidine: p-erythro-Imidazoleglycerol 
phosphate dehydrase, Ames, 131 

Hormone: Thyroid, oxidation, tyrosine, 
liver, interaction, Litwack, 823 

Hyaluronic acid: Group A Streptococcus, 
uridine nucleotides, biosynthesis, 
Cifonelli and Dorfman, 547 

Hydrogen: Enzymatic, transfer, from 
diphosphopyridine nucleotide, Levy 
and Vennesland, 85 

Hydrogen transfer: Enzymatic, diphos- 
phopyridine nucleotide, stereospeci- 
ficity, Levy and Vennesland, 85 

Hydrolysis: Enzymatic, water, role in, 
Koshland and Herr, 1021 

Hydroxyanthranilate: 3-Pyridinecar- 
boxylic acids, and, metabolism, 
Suhadolnik, Stevens, Decker, Hen- 
derson, and Hankes, 973 

Hydroxymethylation: Escherichia colt, 
ketopantoate formation, Mc/ntosh, 


Purko, and Wood, 499 
Hydroxymethylpyrimidine(s): 5-, hy- 
drogenation, Green, Barner, and 
Cohen, 621 

I 
Imidazoleglycerol phosphate dehydrase: 
p-erythro-, histidine, Ames, 131 


Inosinic acid: Transformylase system, 
Flaks, Warren, and Buchanan, 215 
Inositol: Glucuronic acid, conversion, 
by kidney extracts, Charalampous 
and Lyras, 1 
Insulin: Derivative, guanidinated, Hvans 


and Saroff, 295 
Insulinase: Activity, liver extracts, 
Mirsky and Perisutti, 77 

K 


Ketopantoate: Formation, from Escher- 
ichia coli, enzyme from, 499 
Kidney: Inositol conversion to glu- 
curonic acid, effeet, Charalampous 
and Lyras, | 


INDEX 


Kidney—continued: 
Peptidases and phosphatases, Binkley, 
Alexander, Bell, and Lea, 559 
Kinetics: Chemical, enolase reaction, 
mixed solvents, relation, Westhead 
and Malmstrém, 655 


L 


Lactobacilli: Fatty acid, interconver- 
sions, Hofmann, Henis, and Panos, 
349 
Lactoperoxidase: Chromatography, ion 
exchange, isolation and purification, 
Morrison, Hamilton, and Stotz, 
767 
Lanthionine: Methyl-. See Methyl- 
lanthionine 
Leucine aminopeptidase: Polypeptides, 
long chain, and proteins, actions on, 
Hill and Smith, 577 
Lipide(s): Phospho-. See Phospholipide 
Liver: Benzypyrene hydroxylase, syn- 
thesis, substrate-induced, Conney, 
Miller, and Miller, 753 
Glucosamine 6-phosphate, synthesis, 
enzymatic, Pogell and Grider, 701 
Glucose-6-phosphatase, dietary effects 
on, Freedland and Harper, 743 
Hypophysectomized, metabolism, car- 
bohydrate, Hill, Bauman, and Chai- 
koff, 905 
Insulinase activity, specificity, rela- 
tive, Mirsky and Perisutti, 77 
Oxidation, tyrosine, hormone, thyroid, 


interaction, Litwack, §23 
M 
Magnesium: Deficiency, phosphoryla- 


tion, oxidative, effect, Vitale, Naka- 


mura, and Hegsted, 573 
Metabolism: Anaerobic, acetone and 
acetate, by Rhodopseudomonas gela- 
tinosa, Siegel, 41 
Carbohydrate, liver, hypophysec- 
tomized, Hill, Bauman, and Chaikoff, 

905 


2-methylamino-6G-aminopurine, con- 
version, by Escherichia colt, Remy 
and Smith, 325 
3-Hydroxyanthranilate and pyridine- 


| 
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Metabolism—continued: 
carboxylic acids, Suhadolnik, Stevens, 


Decker, Henderson, and Hankes, 


973 
Intermediary, tryptophan, in tissue, 
de Castro, Brown, and Price, 777 


Phosphorus, HeLa cell, poliomyelitis 
virus type I, effect, Miroff, Cornat- 


zer, and Fischer, 255 
Purine, bacteria, feed-back inhibition, 
Gots, 57 


Theobromine, theophylline, caffeine, 
in man, Cornish and Christman, 
315 
Methyllanthionine: 8-, isomer, naturally 
occurring, Downey and Black, 171 
Mitochondrion: Changes, fatty acid 
deficiency, relation, Levin, Johnson, 
and Albert, 15 
Potassium binding and phosphoryla- 
tion, oxidative use, Gamble, 955 
Monoiodotyrosine: Deiodinase, triphos- 
phopyridine nucleotide, require- 
ment, Stanbury, 801 
Mung bean: See Bean 
Muscle: Mutase, phosphoglyceric acid, 
kinetic properties, Rodwell, Towne, 


and Grisolia, 875 
—,—-—, molecular properties, Edel- 
hoch, Rodwell, and Grisolia, 891 


Mutase: Phosphoglyceric acid, yeast, 
and muscle, kinetic properties, 
well, Towne, and Grisolia, 875 

— -—, —, and muscle, molecular prop- 
erties, Edelhoch, Rodwell, and Griso- 


lia, 891 
Myosin: Hydrolysis, enzymatic, applica- 
tion to, Koshland and Herr, 1021 

N 


Neurospora crassa: Cell-free extracts, 
chitin, synthesis, Glaser and Brown, 


729 

Nicotinic acid(s): Halogenated, oxida- 
tion, Behrman and Stanier, 947 
Oxidation, bacterial, Behrman and 
Stanier, 923 


Nuclease: Deoxyribo-. See Deoxyribo- 
nuclease 

Nuclease II: Deoxyribo-. See Deoxy- 
ribonuclease IT 


Nucleic acid(s): Deoxyribo-. See De- 
oxyribonucleic acid 
Ribo-. See Ribonucleic acid 
Viral, release, from protein, Aozloff 
and Lute, 537 
Nucleoside(s): Pyrimidine bases, and, 
bacterial mutants, utilization, Co- 
hen, Lichtenstein, Barner, and Green, 
611 
Nucleotide: Diphosphopyridine. See 
Diphosphopyridine nucleotide 
Poly-. See Polynucleotide 
Triphosphopyridine. See Triphospho- 
pyridine nucleotide 
Uridine. See Uridine nucleotide 


O 


Orosomucoid: Iinzyme, Clostridium per- 
fringens, action upon, Popenoe and 
Drew, 673 

Ovalbumin: Denatured, thermally, sulf- 
hydryl content, and susceptibility, 


tryptic, relation, Cunningham, 
Nuenke, and Strayhorn, 835 
Oxidase: Lactoper-. See Lactoperoxi- 
dase 
Oxidation: Bacterial, nicotinic acid, 
Behrman and Stanier, 923 
Nicotinic acids, halogenated, Behr- 
man and Stanier, . 947 


Phosphogluconate, pyruvate, in cor- 
neal epithelium, stimulation, Aino- 
shita, 247 


Pp 


Pancreas: Cholesterol esterase, purifica- 
tion and properties, Hernandez and 
Chaikoff, 447 

Pantoate: Keto-. See Ketopantoate 

Peptidase(s): Kidney, Binkley, Alexan- 


der, Bell, and Lea, 559 
Leucine amino-. See Leucine amino- 
peptidase 


Peptide(s): Determination, with amino 
acids, free, Markovitz and Steinberg, 


285 
Phosphatidyl, synthesis, Baer, Mauru- 
kas, and Clarke, 181 


Phospho-. See Phosphopeptide 
Poly-. See Polypeptide 
Phenylalanine: Protein synthesis, tissue 


1, 
d 
5 
n 
| 
7 
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Phenylalanine—continued: Vitale, Nakamura, and Hegsted, 
culture, human cells, utilization, 73 
Eagle, Piez, and Fleischman, 847 | Photosynthesis: Rhodopseudomonas gela- 


Phosphatase(s): Alkaline, kidney, Bink- 
ley, Alexander, Bell, and Lea, 559 


Glucose-6-. See Glucose-6-phospha- 
tase 
Pyro-. See Pyrophosphatase 


Phosphate: 5’-, adenosine. See Adeno- 
sine 5’-phosphate 
Creatine. See Creatine phosphate 
Glucosamine 6-. See Glucosamine 
6-phosphate 
Uridine di-. 
phate 
Phosphatidic acid(s): Dephosphoryla- 
tion, enzymatic, Smith, Weiss, and 
Kennedy, 915 
Phosphoglucomutase: Active site, phos- 
phorylated, properties, Kennedy and 
Koshland, 419 
Phosphogluconate: Oxidation pathway, 
stimulation, by pyruvate, Kinoshita, 
247 
Phosphoglyceric acid: Mutase, yeast, 
and muscle, kinetic properties, 
Rodwell, Towne, and Grisolia, 875 
—,—,— muscle, molecular properties, 


See Uridine diphos- 


Edelhoch, Rodwell, and Grisolia, 
891 
Phospholipide(s): Separation, column 


chromatographic, Hanahan, Dittmer, 
and Warashina, 685 
Phosphomonoesterase: Prostatic, ribo- 
nuclease, free from, Kerr and Cher- 
Phosphopeptide(s): 89-labeled and cal- 
cium 45-labeled, vitamin D, effect, 
Patrick and Bacon, 569 
Phosphoribosyl-2 -methylamino -6 - ami- 


nopurine: 5’-, 2,6-diaminopurine, 
conversion, Remy and Smith, 325 
Phosphorus: Chloroplasts, tobacco 


plants, diseased, distribution, Cooper 
and Loring, 813 
Phosphorylase: Nucleotide pyro-. See 
Nucleotide pyrophosphorylase 
Phosphorylation: Oxidative, and potas- 
sium binding, mitochondrial, Gam- 
ble, 955 


—, magnesium deficiency, effect, 


tinosa, acetone and acetate metab- 
olism, use, Szegel, 41 
Pituitary: Gonadotropins, human 
plasma, concentration, Antoniades, 
Pennell, McArthur, Ingersoll, Ulfel- 
der, and Oncley, 863 
Posterior, purified, chromatography, 
ion exchange, Light, Acher, and du 
Vigneaud, 633 
Plasma: Human, gonadotropins, pitui- 
tary, Antoniades, Pennell, McArthur, 
Ingersoll, Ulfelder, and Oncley, 
863 
Poliomyelitis: Type I (Mahoney strain), 
HeLa cell, phosphorus metabolism, 
effect, Miroff, Cornatzer, and Fischer, 
255 
Polynucleotide(s): Small, molecular 
weight, determination, Al-Khalidi, 
Abu-Haydar, Chernigoy, and Kerr, 
487 
Polypeptide(s): Long chain, and pro- 
teins, action, Hill and Smith, 
Potassium: Binding, and phosphoryla- 
tion, oxidative, mitochondrial, Gam- 


ble, 955 
Propionate carbon: Lipides, adipose 
tissue, incorporation, Feller and 
Feist, 275 


Protein(s): Polypeptides, long chain, 
and, action on, Hill and Smith, 

577 

Steroid, and, conjugates, serum albu- 

min, Erlanger, Borek, Beiser, and 

Lieberman, 713 

Synthesis, tissue culture, human cells, 

phenylalanine and tyrosine, utiliza- 
tion, Eagle, Piez, and Fleischman, 


847 

Viral nucleic acid, release from, Koz- 

loff and Lute, 537 

Purine(s): 2,6-Diamino-. See Diamino- 
purine 


Inosinie acid, transformylase system, 
Flaks, Warren, and Buchanan, 215 
Metabolism in bacteria, Gots, 


57 
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Purine(s)—continued: 
Synthesis, adenosine 5’-phosphate and 
5 - amino - 4 - imidazolecarboxamide 
ribotide, by pyrophosphorylase, nu- 
cleotide, Flaks, Erwin, and Bu- 
chanan, 201 
Pyridinecarboxylic acid(s): 3-Hydroxy- 
anthranilate, and, metabolism, Su- 
hadolnik, Stevens, Decker, Henderson, 


and Hankes, 973 
Pyrimidine(s): Bacterial and viral, Green 
and Cohen, 601 


— — —, bases and nucleosides, utiliza- 
tion, Cohen, Lichtenstein, Barner, 
and Green, 611 

— — —, 
hydrogenation, Green, Barner, and 


Cohen, 621 
5-Hydroxymethyl-. See Hydroxy- 
methylpyrimidine 


Pyrophosphatase: Inorganic, _ brain, 
swine, Seal and Binkley, 

193 

Pyruvate: Epithelium, corneal, phospho- 

gluconate oxidation, stimulated by, 

Kinoshita, 247 


R 


Racemase: Proline, from Clostridium 
sticklandii, purification and proper- 
ties of, Stadtman and Elliott, 

983 

Reductase: Cytochrome, microsomal, 
purification and properties of, Strztt- 
matter and Velick, 

785 

b-Proline, from Clostridium sticklandii, 
purification and properties of, Stadt- 
man and Elliott, 983 

Rhodopseudomonas gelatinosa: Metab- 
olism, acetone and acetate, effect, 


Siegel, 41 
Ribonuclease: Crystalline, major com- 
ponents, Hakim, 459 


Ribonucleic acid: Chloroplasts, tobacco 
plants, diseased, distribution, Cooper 
and Loring, 813 

Ribotide: 5-Amino-4-imidazolecarbox- 
amide. See Amino-4-imidazolecar- 
boxamide ribotide 


S 


Solvents: Mixed, enolase reaction, chem- 
ical kinetics, relation, Westhead and 
Malmstrém, 655 

Spleen: Calf, deoxyribonuclease from, 
Koerner and Sinsheimer, 

1039, 1049 

Steroid: Protein, and, conjugates, serum 
albumin, Erlanger, Borek, Beiser, 
and Lieberman, 713 

Streptococcus: Group A, uridine nucleo- 
tides, hyaluronic acid, biosynthesis, 
Cifonelli and Dorfman, 547 

Strontium: 89-labeled, bone, vitamin D, 
effect, Patrick and Bacon, 569 

Succinate: Enzyme, cleaving, Seaman, 

149 

Succinic dehydrogenase: Fumaric reduc- 

tase, activity, Massey and Singer, 
263 

Sulfhydryl compound(s): Diphospho- 
pyridine nucleotide, addition, van 
Eys and Kaplan, 305 

Ovalbumin, thermally denatured, rela- 
tion, Cunningham, Nuenke, and 
Strayhorn, 835 

Titratable, hemoglobins, normal and. 
sickle cell, at 0° and 38°, Murayama, 


231 
Sulfite: Oxidation, xanthine, Fridovich 
and Handler, 67 


T 


Taurine: Urine, determination, Peniz, 
Davenport, Glover, and Smith, 

433 

Testosterone: Serum albumin conjugates 

with, characterization, Erlanger, 

Borek, Beiser, and Lieberman, 713 

Tetrahydrofolic acid: Folic and dihydro- 

folic acids, reduction to, Futterman, 

1031 

Formamidinoglutaric acid, formimino 

transfer, Miller and Waelsch, 397 

Theobromine: Metabolism, in man, Cor- 


nish and Christman, 315 
Theophylline: Metabolism, in man, Cor- 
nish and Christman, 315 


Thiol ester: Bacteriophage tail, rupture, 
viral invasion, Kozloff, Lute, and 
Henderson, 511 


3 
l 
3 
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Thymus: Deoxyribonuclease II, speci- 
ficity, study, Laurila and Laskowski, 

49 

Thyroid: Hormone, tyrosine oxidation, 
liver, interaction, Litwack, $23 
Tissue: Culture, cells, human, phenyl- 
alanine and tyrosine, utilization, 
Eagle, Piez, and Fleischman, 847 
Tobacco: Plants, Turkish, diseased, 
chloroplasts, ribonucleic acid and 
phosphorus distribution, Cooper and 
Loring, 813 
Triphosphopyridine nucleotide: Deiodi- 


nase, monoiodotyrosine, require- 
ment for, Stanbury, SO1 
Trypsin: Susceptibility, ovalbumin, 


thermally denatured, relation, Cun- 


ningham, Nuenke, and Strayhorn, 
835 
Trypsinogen: Chymo-. See Chymo- 
trypsinogen 


Tryptophan: Metabolism, intermediary, 
in tissue, de Castro, Brown, and 
Price, 777 

Tyrosine: Liver, oxidation, hormone, 
thyroid, interaction, Litwack, 823 

Monoiodo-. See Monoiodotyrosine 

Protein synthesis, tissue culture, 
human cells, utilization, Eagle, Piez, 
and Fleischman, S47 


U 


Uridine diphosphate: N-Acetylglucos- 
amine, isolation, seedlings, 
mung bean, Solms and Hassid, 

357 

Glucuronic acid, isolation, from seed- 
lings, mung bean, Solms and Hassid, 
357 

Uridine nucleotide(s): Group A Strepto- 
coccus, hyaluronic acid, biosynthe- 
sis, Cifonelli and Dorfman, 547 

Urine: Taurine, determination, Pen/z, 
Davenport, Glover, and Smith, 433 

Urocanic acid: Formamidinoglutaric 
acid, Miller and Waelsch, 365 


INDEX 


V 


Vinyltestosterone: 11-Oxygenated, Mar- 
shall, Ralls, Saunders, and Riegel, 4 
339 
Virus: Invasion, nucleic acid, release, | 
from protein, Kozloff and Lute, j 
537 | 


—, thiol ester bonds, rupture, in tail 4 
bacteriophage, Kozloff, Lute, and 4 
Henderson, 511 

—, zinc, bacteriophage, role, Kozloff 4 
and Lute, 529 | 

Pyrimidine, dihydrocytosine, deriva- 4 
tives, Green and Cohen, 601 

Type I, poliomyelitis, HeLa cell, 
metabolism, phosphorus, effect, 


Miroff, Cornatzer, and Fischer, 

255 | 

Virus: See Bacteria 

Vitamin D: Bone, 45-labeled calcium, 
and 89-labeled strontium, as chlo- 7 


rides and phosphopeptides, effect, 7 
Patrick and Bacon, 569 | 
Oxidation, by mitochondria, kidney, 


De Luca, Gran, Steenbock, and Reiser, 


469 

WwW 
Water: Hydrolysis, enzymatic, role of 
water in, Koshland and Herr, 1021 

».4 
Xanthine oxidase: Sulfite, /ridovich and 
Handler, 67 

Y 
Yeast: Mutase, phosphoglyceric acid, 
kinetic properties, Rodwell, Towne, 
and Grisolia, S75 
—, — —, molecular properties, Hdel- 
hoch, Rodwell, and Grisolia, S91 

Z 
Zinc: Role, in bacteriophage invasion, 


Kozloff and Lite, 529 
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